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Ab tract 
The goal of thi \l,,'ork \vas to improve the performance of TiO� nanomaterial b. 
increasing their optical activities by hifting the on et of the re ponse from the UV to the 
vi ible- l ight region. Among the several wa s to achieve this goaL doping Ti02 
nanomaterial with other element (e .g .  metals) was elected to narrow the band gap and 
enhance the optical properties of Ti02 nanomaterials .  In this work, we have prepared 
Cu-dop d Ti02 and g-doped Ti02 nano-catal ts, characterized them and studied their 
propert ie . and the opt ical one in particular. The g-doped Ti02 catalyst was prepared 
b) the ol-gel method whi le the Cu-doped TiO] catalyst was prepared by using two 
different technique for compari son purpose: the sol -gel method and the ine11 gas 
conden ation technique under ultra-high vacuum. 
The g-doped Ti02 nano-cataly  t prepared by the sol-gel method were characterized 
by using Fourier transform infrared spectroscop (FTIR) ,  Field emission scanning 
electron microscopy ( FE E M )  and Electron Probe Micro-Analyser ( EPMA ) for surface 
morphology and chemical composition. Brunauer-Emmett-Tel ler ( BET) analysis for 
surface area and porosity measurements. X-ray d iffraction (XRD) to determine their 
crystal structure and UV-visible absorption spectrometry ( UV-Vis)  to measure the 
optical properties. The san1e characterization methods have been applied on the Cu­
doped TiO::! photocatalysts prepared by the sol-gel method, in  addition to some 
rheological measurements to determine their  flow behaviour. 
FurthemlOre, X-ray d iffraction (XRD), transmission electron l111croscopy ( TEM) ,  
scanning electron microscopy (SEM) and UV -visible absorpt ion spectrometry (UV -Vis)  
analyses have been conducted to characterize the Cu-doped Ti02 catalysts prepared by 
the inert gas condensat ion technique. 
vii 
The experimental \\-ork conducted here revealed promi ing re ults for improving the 
performance of the Ti02 nanomaterial b doping it with Cu and Ag metals \�'here the 
optical acti it} wa enhan ed and hifted to the i ible r gion causing an appreciable 
incr a e in it effecti ene for photocatalytic appl ication . 
Keyword : Ti02 nanomaterials.  Cu-doped Ti02, Ag-doped Ti02, optical properties. 
techniques. photocatalytic appl ications. 
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1 
bapter 1 :  I n trod uct ion 
1 . 1  Overview 
In 1 972. titanium dioxid ( TiOl ) wa fir t l  d i  covered b Fuj i  hima and Honda as 
an act ive photocataly tlil . ince then. Ti02 has become one of the mo t important 
emiconductor material in dai ly l i fe. moreover. it  has been \ idely u ed in fuel cel l .  
o lar energy con\' r ion. photocatal sts/cataly t for environmental remediation 
proce e .  white pigment in paints and paper, bone implant materiaL ultra-violet 
( V )  ab orber in un creen cream and other cosmetic products. and additi e in food 
products[2 l . Titaniwn diox ide. in compari on \ ith other emiconductor catalysts. has 
many ad\ antage uch a uitable opt ical and electron properties. chemical stab i l ity, 
corro ion re istance. and non-tox ic ityl3 l, making it a perfect candidate for 
phot catalytic proce ses. 
Titanium dioxide has been widely used as a catalyst under UV i rradiation and was 
con idered the best choice among several other metal oxides where it has relatively 
lo\,; band-gap value of �3 .0 for ruti le phase and 3 .2 eV for anatase phase[41 . Ruti le 
does ab orb some v i  ible l ight, whi le anatase onl  absorbs in the UV region of 
pectra. The optimal photocatalytic efficienc is  obtained using anatase with a smal l 
admixture of ruti lel5l . Typical l  , anatase phase foml at 3 00-600°C, while at higher 
temperature , anatase to rut i le  phase transfonnation occurs. The general ly accepted 
theory of phase transformation is that two Ti-O bonds break in the anatase structure. 
al lowing rearrangement of the Ti-O octahedra, leading to the formation of a smaller 
volume. dense rut i le  phase. The removal of 0 ions which generates l attice 
vacancies. accelerates this transfOlmation. The breaking of these bonds can be 
affected by a number of factors, i ncluding the addit ion of dopants. synthesis method 
and thermal treatment[61 . Various research studies were done recently on Ti02 
photocatalyst as pointed out belo . 
Bessekhouad et alYl prepared nanosized t i tanium oxide (Ti02 ) powders by various 
techniques (emulsification-gelation tedmology. hydrolysis and reflux process) and 
studied the photocatal yt ic act i  ity of the nanopowders obtained by using Benzamide 
photodecompositions in aqueous solution. I t  was conc luded that the level of 
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crJ tal l i nity v. a a deciding factor for benzamid degradation and there \\ as no 
c\ id nce of relations between photocatalyt ic  perfonnance and surface area. 
hoi et aJ .{8] in e tigated the relationship between the ize and structure of TiO., 
nanopart ic les in which three amples of ize elected TiO:! nanoparticles were 
prepared . The re ult ugge ted that the sample with Ti02( I I )  structure may become 
more fa\ 'ourable than the ample with anatas structure when the particle size 
dec rea ed from 1 2  nm to 7 !Un. Koel et a l .  [9] assessed the effect of the primary 
particle ize on the photocatal yt ic reactivity of TiO:! e empli fied by the 
ph toreduction of CO:! by water. It was found that methane and methanol were the 
main reduction products in which the optimum particle size corresponding to the 
highest y ields of both product wa 1 4  nm.  The ob erved optimum particle size is a 
re ult of competing effect of specific surface area, charge-carrier dynamics and 
l i ght absorption efficiency. 
ayi lkan. et a J .  ( I  0] i nvestigated the effects of anneal ing temperature and hydrolysis 
catalyst on the crysta l l i ne form and crystal l ite size of TiO:! prepared by the sol -gel 
proce . The re ults showed that the acid catalyst and catalystlalkoxide ratio  ha e a 
l arge effect on the formation of anatase TiO:! and the crystal l i te size of the nano­
catalysts increased \ hen the them1al treatment temperature was raised from 400 to 
500°C .  However, Viana et aJ . [I I ]  correlated the effect of heating on the structural, 
morphological, and textural propert ies of the synthesized Ti02 nanoparticles and 
evaluated the photocatalytic acti ity and the UV absorption of the samples. 
Systematic decrease of the specific surface area and porosity resulted with the 
increase i n  heating temperature, evidencing the sample densification and the 
consequent increase in the average part ic le size .  Viana et a J .  [ 1 1 ] results also showed 
that the amorphous Ti02 nanopartic les crystal l ized to anatase nanophase below 
300°C and a diffuse phase transition from anatase to rut i le occurred between 5 70°C 
and 800°C . The Ti02 nanopartic le heated at 300°C showed the best results for 
potential appl icat ion in  solar protection.  I n  contrast, Ba-Abbad[ l 2] studied the effect 
of calc ination temperatures on the crysta l l i ne structure, surface area and the 
photocatalytic act ivity of Ti02 nano-photocatalyst ( prepared by the sol -gel method) 
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by the degradation of to ic compound of poly-chlorinated phenol (pep ) under 
olar irradiation. 
Lin et aI .P)] in e tigated the ol-gel s nthetic route and property ident i ficat ion of the 
anata e-type TiO:! nanopartic le . The studied the morphology, particle lze 
distribution, cry tal l inity of the anata e-type Ti02 nanopartic les and the oxidat ive 
tate. bonding length. coordination mm1ber of a central Ti atom in the nanophase 
anata e-type TiO]. photocatal ts. Further. metals such a Fe. Zn or eu were doped 
into the nanopha e TiO]. photocatalysts b the impregnation method with a cation 
exchange proce and selected acetic acid as a typical pol lutant for photo­
decompo ition on nanophase TiO] photocatalyst fi lm .  Their results showed that the 
r moval amOlmts of acetic acid \ ere eu-doped > Fe-doped> Zn-doped > anatase­
type> P25 TiO]. nanocatal sts. 
Gane an et a l . [ I 4 ] analysed the effect of pH on the surface morphology. structural 
property and photocatalytic activity of TiO:! nanocrystals. and compared that with 
comm ercial TiO:! nanocrystals .  Their results showed that the pH of the precursor 
solution affected the part icle size of the TiO:! nanocrystals .  Further. the degradation 
of methylene blue by the ynthesized Ti02 nanocrystal was greater than that of the 
commercial ly  avai lable TiO:! nanocrystal s .  
Tan et a l . [ 1 5 ] used Ti02 pel let fom1 to reduce carbon d ioxide in the presence of 
saturated \vater vapour into gaseous hydrocarbons under room conditions by 
i l luminating the catalyst under UV i rradiation in a quartz tube reactor and compared 
it ""ith the thin-fi lm fom1 catalyst. They found that the pel let-form Ti02 catalyst was 
feasible and attractive for use in further i nvestigation of eo:! reduction. The yield of 
the product was fair ly good as compared to those obtained from the process using 
thin-film teclmique and anchoring method, but not h igh enough to use them as fuels.  
Hanaor et a1J 1 6] synthesized Ti02 thin fi lms by the sol -gel method.  They exan1ined 
the morphology, phase assemblage and photocatalytic activity of mixed phase thin­
fi lm Ti02 photocatalysts. They used the metal dopants to investigate the consequent 
effects of dopants on the phase assemblage of biphasic Ti02 thin films and the 
prospect of i ncreased photon absorption through inter-valence charge transfer 
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b tv, en dopant of d ifferent alences. They found that the sol -gel ynthesi of Ti02 
thin fi lm on single cry tal quartz ub trates yield highly oriented and thermal l 
stable anata e. Th y found that the addition of u dopant enhanced the 
tran f0n11at ion of anata e to rut i le through an increa e in oxygen vacancies in the 
Ti 2 lattice \ .... hi le the undoped Ti02 thin film showed the formation of rut i le as 
oriented paral lel  band 1 11 the anata e. Moreover. the transition metal dopant 
egregated in TiD2 thin film and brought about a local ised isotropic formation of the 
ruti le pha e. They also found that the presence of low level of rut i le was sufficient 
to alter the optical tran mittance of Ti02 thin films and transition metal doping and 
codoping wa d trimental to the photocatalytic performance of Ti O2 thin film . 
10 hi et a l . [17 ) studied the photocatalytic degradat ion of dyes on Ti02 and ZnO 
emiconductor . Ti02 howed more photocatalyt ic  effic iency than ZnO. Ozcan et 
a 1 . [ 1 J uti l ized organic dyes with proven photo-dynamic therap appl ications to 
generate e lectrons from visible l ight which can be transferred to Ti02 in order to 
init iate CO2 photo-reduction reactions with water in the gas phase. Pt was 
incorporated in the fi lms either by adding the precursor salt in the sol .  Pt( in) .  or by 
wet impregnation of calc ined fi lm with an aqueous solution of the precursor salt. 
Pt(on) . It was indicated that under UV i l lumination. the methane yields of platinized 
Ti02 thin fi lms decreased in the fol lowing order: Pt(on ) .Ti02 > Pt( in ) .Ti02 > Ti02. 
H an et a l . [ 1 9) synthesized Ti02 nanopowder by using sol -gel combustion hybrid 
method using acety lene black as a fuel and studied its appl ication in dye sensitized 
solar cel ls ( DSCs) .  It was indicated that this process offered simple and effecti e 
route to the synthesi s  of uniform Ti02 nanopowders, which can be used in  dye­
sensitized sol ar cel ls  and photocatalysts and also for the large scale production of 
nanosized ceramic  materials .  
On the other hand. Costa et a l .  [20] assessed the effects of photocatalytic Ti02-painted 
wal l s  on the air qual i ty inside a swine weaning unit. on both the emissions of 
part iculate matter ( P M  10 and PM2s) ,  H3 and greenhouse gases release into the 
environment, in relation to the paral le l  effects on the animal productive performance. 
As a concl usion, the photocata lyt ic treatment with Ti02 coat ing had positive effects 
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not onl) on methane concentration. particulate matter concentration and emi ion. 
but al 0 ignificanti) improved the feed conversion ratio  of growing piglets, very 
1 ik l) due to the increa d qual ity of indoor air. with positi e economic 
repercu i n for the famler. Internal photocatalytic treatment in wine hu bandry 
could thu be con idered a a potent ial Best ai lable Technology ( 8  T).  
Further. Pan et a lY I J  u ed ol-gel method to synthe ize Ti02 nanoparticle . fol lowed 
by in itu surface-modi fication v i th s i lane coupling reagent octadecyl tri-methoxy-
i lane ( D- I l ) and e aluated their  anti -wear behavior as additi e in l iquid paraffin.  
It  wa indicated that the urface-capped Ti02 nanoparticles can be well d i spersed in 
\ ariou organic solvent of weak polarity. showing potential for fabrication of 
inorganic/organic nanocomposites used in opt ic field.  Moreover, they were able to 
imprO\ e the ant i-wear abi l i ty of l iquid paraffin. showing promising appl ication as a 
mult ifunctional lubricating o i l  addit ive. 
Karimipour(22] prepared TiO:! nanoparticle by US1l1g sol -gel process with two 
d ifferent complex agents [acidic (c itric acid )  and organic complex agent ( acetyl 
acetone) ]  at 400. 500, and 650°C sintering temperatures. in order to study the role of 
polymeric and non-polymeric agents in phase purity and size fomlation. It was found 
that acetyl acetone is a proper candidate to synthesize part ic les in pure anatase phase 
belm\' 1 0  11111 . Also. sintering at 650°C showed pure rut i le  phase with narrow size 
d istribution of � 1 00 run. I n  addit ion. at h igh sintering temperature. the pa.I1 ic les 
obtained from polymeric agent tend to agglomerate larger in size than in the acidic 
product. 
Sirna and Hasal (23) tested two ways (what are they? ) of Ti02 immobi l izat ion for 
appl ication in  photocatalyt ic degradat ion of texti le dyes. In  conclusion. Ti02 
i mmobil ized in  the PV A proved to be more suitable for MB decolorization. H igher 
l i ght intensity made the dye degradation substantial ly faster. 
Lee(:!..!) model led global eco-Ti02 materials and monitored by-products of treated 
water in an in v itro cytotoxic i ty assay measuring the level of water purification after 
photocatalyt ic  treatment. Further, studied the detai led eco-Ti02 formation 
mechanism and its fundamental photochemical properties. It was indicated that eco-
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Ti02 ho\\ an efficient water-treatment performance together with an economic 
di" idend . Whil , da Motta et al. [25] appl ied photoreactor combining UV l ight and 
Ti02. immobil ized in cel lulosic fabric,  for the treatment of two industrial text i le  
\\ a tewater . H igh colour and COD removaL and detox ification, were achieved for 
both wa tewater , at control led pH of 5 . 5 .  Effluents showed ery poor 
biodegradabi l ity due to their  comple composition' thus. the proposed process was 
efficient alternative. During that time, hang[26] studied the photocatalyt ic  
de truction of VOC ( olati le organic compounds) by using Ti02 partic les which 
were ) nthesized in a flanle a rosol reactor. The result showed that the Ti02 part ic le 
generat ion b) the premixed flame aero 01  reactor and the direct coat ing on the 
ub trate \Va good combination to con truct the UV -Ti02 decomposition system for 
the de truction of VOC . In the ystem. it was found that the decompo ition rate of 
gaseou benzene wa much higher than that of formaldehyde. 
Final ly.  Erdogan et alY7 j used polyst rene cross- l inked divinyl benzene ( PS-co­
DVB)  micro pheres a an organic template in order to synthesize photocatalytic Ti02 
micro pheres and micro-bowl and studied the photocatalytic activity of the micro­
bo\\ I surfaces in the gas phase via photocatalyt ic O(g) oxidation by 02(g ) as wel l  as 
in the l iquid phase via Rhodamine B degradation. I t  was demonstrated that the 
polymer microsphere templated Ti02 photocatalyst offered a promising and a 
ver ati le synthetic platform for photocatalytic De 0 ... appl ications for air purification 
technologies. 
1 .2 Pr inc ip le  of Photocata lysis 
The term photocatalysis wi l l  always be used to describe the process that semi ­
conductor materials such as  Ti02 undergo when i rradiated by  l i ght of a certain 
wavelength. I t  i s  a term that impl ies photon assisted generation of catalytical ly active 
species[61 . 
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Figure 1 . 1 :  Photo-induced fom1ation mechan ism of electron-hole paIr In a 
semiconductor TiO:! particle with the presence of water pol lutant ( p )[291 . 
The principle of semiconductor photocata lytic reaction is straightforward. Upon 
absorpt ion of photon with energy larger than the band gap of Ti02•  e lectrons are 
e. cited from the valence band to the conduction band. creating electron-ho le pai r  [28 1 . 
Figure 1 . 1  depicts the mechanism of the electron-hole pair formation when the Ti02 
particle is i rradiated \vith adequate l ight. hl' .  The l ight wavelength for such photon 
energy usual ly  corresponds to I < �OO nm. The photonic excitation leaves behind an 
empty unfil led valence band, and thus creating the electron-hole pair ( e-_h+ ) 1291 . These 
charge carriers migrate to the urface and react with the chemicals adsorbed on the 
surface to decompose these chemicals. This photo-decomposition process usual ly 
involves one or more radicals or intermediate species such as ·C, CO, W. ·OH, H2,  
O2 and H202, which play important roles in the photocatal yt ic reaction 
mechanisms[28 1 . If organic matter is  present reaction of the hydroxyl radical wi l l  
result in  m ineralization of  the matter. The series of reactions generated by i rradiation 
of Ti O2 and the generation of various oxidants are shown below[30] . 
T i O z  + hv � e�b + h�b 1 )  
(2 )  
(3 )  
(4 )  
°O H + O rga n i c  + Oz  � COZ'  H z O  
( 5 )  
( 6 )  
(7 )  
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In ord r to enhance th ab orption of l ight by the Ti02 emiconductor. the large t 
po ible ur[ace area of thi material i required . Larger urface area ad orb more 
photo-energy. \ h i l  a h ift of the l ight frequ ncy from UV i rradiation to visible 
range of pectra i fea ible .  The extent of the Ti02 surface area i s  indirectly 
proportional to the particle ize. However. the particle size i d irect ly proportional to 
the range of the bandgapf 5 1 . A an example.  the most frequently used Ti02 
phot cataly t i the Degu a P25 material . Its particle size is  about 25 nm and its 
, urface area is mall  ( 50 m-/g ) .  Reducing the particle size. up to a few nanometres. 
has the benefit of increa ing the extemal surface area. These small  partic les tend to 
agglomerate by trong inter-part ic le forces when the nano-metric size region is  
reached . Further decrea e of the paIi ic le ize to a few nano-meters reaches one point 
below v" hich quantum size effects also start to operate and the band gap of the 
emiconductor increases. blue- hifting the l ight absorption[31 1 . 
Recombination of photo-induced electronlhole pairs is also promoted with larger 
urface areas. This  is usual ly because increased amounts of crystal defects are 
present \vith l arger surface areas. The surface defects wi l l  act as recombination 
centre for the photo-induced electronlhole pair. urface hydroxyl groups also affect 
the photocatalytic efficiency of the materials .  Surface hydroxyl groups partic ipate in  
the photocatal y1ic process in  a number of ways. They trap photoexcited electrons and 
produce OH· radicals and they can also act as acti e absorption sites for pol lutants. 
The high temperature calcination of Ti02 results in the removal of surface h droxyl 
groups. Because rut i le  is  produced from the high temperature calcination of aI1atase, 
rut i le possesses fewer surface hydroxyl groups and as such this is considered as one 
of the reasons why ruti l e  is a weaker photocatalyst than anatase[61 . 
1 .3 I mproving  Photocatalytic P roperties of T i02 
TiOrbased photocatalysis has been researched exhaustively for environmental c lean­
up appl i cations. The single drawback is that it does not absorb visible l ight [32] due to 
its wide band gap, which l imits its appl ication under sunl ight . To overcome this 
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problem. e\ raJ appro ache inc luding sen i t ization, doping. coupl ing and capping of 
Ti02 have been studied exten ively (33 1 , a hO'An in Figu re 1 .2 . However. doping 
v. itb metal i one of the mo t promi ing becau e it shifts the Ti02 respon es to\]"iard 
longer wa\ elength and an enhanced photoactivity is obtained from incorporation of 
metal l ic  dopant . 
Dopant 
�--��� Semiconductor 
or 
organic dyt: 
;" ietal 
F igure 1 .2 :  I l l ustration of the modification paths for Ti02 nano-materials[34] 
1 .3. 1 Doping 
Doping and/or deposition are effective strategies to  increase spectral response of 
Ti02 through narrowing electronic properties and by altering optical responses. The 
metal ions deposited on the Ti02 surface usual ly act as a sink for the photo- induced 
charge carriers and thus can improve the interfacial charge transfer processes. The 
materials have been under invest igation for Ti02 doping/depositions are noble metals 
such as CPt. Au, Pd, Rh. i, Cu, Sn. Ag), transit ion metal s such as ( Zn. Fe, Mn, Co, 
Pd. Ni,  etc . ). rare-earth metals such as ( La, Ce, Pr,  d. Sm. Eu, Dy Gd), other metals 
and non-metal ions[3:] . 
1 .3. 1 . 1  Doping with metals 
To reduce the bandgap energy. doping of Ti02 with appropriate metal atoms seems 
to be a promising method.  Doping material can e ither add an energy level fi l led with 
electrons in  the band-gap which can be easi ly excited into the conduction band (n­
ope) or a l evel of extra holes i n  the bandgap to a l low the exci tation of the valence 
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band electron . to  create mobi le hole in the valence band (p-0'Pe ) .  Hence. doping of 
u ffici nt reduct ion of the Ti :2 bandgap energy tIm al lowing the 
generation of e /h pai r  b: i rradiation \\'ith visible l ight and uppl ing enough 
energy to generate uch pair [3 1 . ee for example Figu re 1 .3 . Re earchers worked 
xce ivel) on metal doping of TiO:2 nano-photocatalyst. 
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Figure 1 .3 :  Positions of the redox potentials of various meta l l ic  couples related to the 
energy levels of the conduction and valence bands of Ti02 Degussa P-25 at pH 0[ 361 . 
Moon et a1 . [37] mentioned that Sb was more photoacti ve for the degradation of 
methylene blue as compared to other dopants such as Cr, Fe. b, and Ta. So. 
synthesized nano-crystal l i ne Ti02 partic les doped with antimony metal ion and 
studied the photocatalytic behaviour by the degradation of an organic  dye, methylene 
blue. in  the aqueous suspension. I t  was found that the Antimony doing significantly 
1 1  
improv d photocatalytic p rfonnance as compared to the undoped Ti02. Whi le, 
Paola et al . 138 1 carried out two probe photocatal)1ic reaction . i .e .  thanoic acid and 4-
nitr phenol photooxidation. in d ifferent experimental condition by using 
of tran it ion m tal (Co. Cr.  Cu. Fe. 10. V and W) doped polycrysta l l ine 
Ti02 po\'\ der in aqueous ystems. However. a beneficial influence of the presence of 
metal pec ies \va ob erved only with the sample containing copper and tungsten. I n  
part icular. the TiO:! u powders howed to  be more photoactive of  bare Ti02 for the 
ethanoic acid oxidation whi le the Ti02 W san1ples were more efficient for 4-
nitrophenol degradat ion.  
Later. \\'u and Chen[39] ynthe ized series of vanadium-doped Ti02 catalysts by two 
modified sol-gel methods. The photocatalyt ic  activity was evaluated by the 
degradation of cry tal violet ( C V )  and methylene blue ( MB)  under visible l ight 
i rradiation. It was shown that the degradation rate of CV and MB on V -doped Ti02 
were higher than those of pure Ti02 which possessed better absorption abi l i ty of 
\'i sible l ight. Furthennore. I shibai et al . [40] developed novel Pt modified TiO:! 
photocataly t that showed significant activity in the degradation of acetaldehyde 
under i sible-l ight i rradiation. The s nthesis procedure invol ed hydrolysis of TiCI.j .  
calcination and a Pt-modi fication process. The calcination temperature before the 
Pt-modificat ion process greatly  affected absorbance in the visible region and 
photocatalytic act ivity. The optimum calcination temperature was around 300--450 
0c. which v .. 'as found to be related to the number of the hydroxyl groups per unit of 
surface area. Appl icat ion of this Pt-modified Ti02 photocatalyst shows promise in 
the fields of gas-phase reaction systems under v isible- l ight i rradiation. 
A year later. Stengl et a l .  [4 I ] used the rare earth ( La, Ceo Pr, Nd, Ti02 Ti02Sm, Eu, 
Dy. Od) for doped t itana to i nvestigate their photocatalytic activity under UV and 
visible l ight. Orange I I  dye was selected as a model reactant for photodegradation. I t  
was found that Nd3+ doped Ti02 ( approx. 1 0  vvt.%) had the highest activity among 
all rare earth doped. After that. Sun et a l . [42] evaluated the photocatalytic perfonnance 
for o-xylene degradation over 0 . 5  at.% M -Ti02 ( M  = Ag, Fe. Cu, Co) in different 
humid i ty levels under visible l ight i rradi at ion.  M-Ti02 ( M  = Ag, Fe, Cu. Co) 
photocatalysts were prepared by a sol -gel method with the doping concentration 
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ranging from 0 . 1 at.% to  1 .0 at .% . Tran i t i  n metal ion  doping increa ed  the 
urface area and e 'tended th ab orption of Ti02 to i ible l ight region. The Fe­
dop d Ti 2 how the best activity among these M-Ti02 ( M  = g, Fe, Cu. Co) 
photocatalyst . In addition. Loganathan et a l . I·B] prepared different \veight 
percentage of g. PL and Au doped nano Ti02 using the acetic acid hydrolyzed 01-
gel method and evaluated the photocatalytic activit of doped nano Ti02 by using 4-
chlorophenol a the model pol lutant. As a re ult. u doped (0 . 5  wt %) nano Ti02 
exhibited higher photocatalyt ic acti it than the other noble metal doped nano Ti02• 
pure nano Ti02 and commercial Ti02 ( Degu a P-25 ) .  This enhanced photocatalytic 
act i\ ity wa due to the cathodic in fluence of gold in  suppr ssing the electron-hole 
recombination during th� reaction. 
Pawar et a l . [-I-I] ynthe ized pure and Ce3+ doped Ti02 nanoparticles by sol -gel auto­
combu tion method and studied their  photocatalytic acti it in presence of UV l ight 
for photo-degradation of cango red dye at d ifferent Ce3+ concentrations and heat 
treatment temperature. It was found that Ce3+ ions doping significantly enhanced the 
photocatal)1ic efficiency of Ti02 towards the degradat ion of dye and the 
photocata l ytic activity of 0 .5  mol% was the most suitable Ce3+ ions concentration in 
Ti02 at which catalyst exhibits a large urface area and higher efficiency of 
electron/hole separation. 
Reszczyn ka et a l .  [ -1 5) used sol -gel method to synthesize Er  and Yb modified Ti02 
nanopartic les. I t  was observed that the dopant amount affected photocatalytic activity 
of semiconductor. The presence of erbium was found more beneficial for visible l i ght 
activation of Ti02 doped photocatalysts than ytterbium. Moreover, they[46] used the 
same method to prepare various concentrations of Pr-Ti02 nanopartic les to study the 
visible and ultrav iolet l ight photocatalytic activity by using photodegradation of 
pheno l .  It was observed that the dopant affected the surface area and crystal size of 
Ti02 powder samples. Ti02 doped with 0 .25 mol% of praseodymium had the highest 
photocatalytic activity under vis ible l ight and the absorption spectra of Pr-Ti02 
samples showed stronger absorption in  the UV-Vis  region than pure Ti02. 
Meanwhi le ,  Khairy and Zakaria[47] studied the effect of doping of some transition 
metals  such as Cu, Fe, Ag Zn on the photo catalyt ic activity and effic iency of nano-
1 3  
ized T i  2 and ZnO tov. ard the degradation of organic  matter in wa ted water under 
\ i ible i rradiation l ight. 11 the d ped ample \ ere prepared by both precipitation 
and ol -gel methods. Jl ampl exhibited a higher photocatal yt ic activity than that 
of pure oxide under b th of and vis ible l ight i lTadiation. It is  presumed that the 
incorp rat ion of the doping 1 ad to diminish the electron-hole recombination that 
impro\'ed the photocatalytic acti ity under l ight i rradiation. One ear later. theyl48 1 
used the ol -gel meth d to inve tigate the photocatalytic act ivities of samples for 
methyl orange (MO)  degradation and the chemical oxygen demand ( COD).  The 
re ult howed that doping ions leaded to increase in the absorption edge wavelength, 
and decrease in the band gap energy of Ti02 nanopartic 1es, resulting in higher 
photocatalyt ic activit ie than the pure ones. Moreover, Cu doped Ti02 nanoparticles 
howed the be t photocatalyt ic activit based on the measured COD values. 
1 .3.2 Sen it ization 
ensitization i c1as ified into two method : dye sensitizat ion and composite 
emiconductor. Dye ensitizat ion is widely appl ied to uti l ize visible l ight for energy 
conver ion and text i le  wastewater having wavelength in the range from 442 nm to 
665 lill .  orne dyes which have redox property and visible l ight sensit ivity are used 
in  olar cel ls  and photocatal)1 ic  react ion.  When the dye absorbs visible l ight, the dye 
i excited. The dye in the excited state includes lower redox potential than the 
corresponding ground tate. If the redox potentia l  is lower than the CB of Ti02, an 
electron is injected from the excited state into the CB ;  leading to init iation of 
photocatalyti c  reactions. Some dyes ( safranine, O/EDTA and T/EDTA) absorb 
visible l ight and generate electrons as reducing agents to produce hydrogen [49J • 
Organic dyes have been widely employed as sensitizers for Ti02 nanomaterials to 
improve their optical properties. Organic dyes are usual ly transition metal complexes 
with l ow lying excited states, such as polypyrid ine complexes, phthalocyanine,  and 
metal loporphyrins. The metal centers for the dyes include Ru( I I ), Zn( I I ), Mg( I I ) . 
Fe( I I) .  and A I CH I ) , while the l igands include nitrogen heterocycl ics with a 
delocal ized IT or aromatic ring system[34J • 
I f  the sensitizers are adsorbed (ei ther chemisorbed or physisorbed) on the surface of 
Ti02• they can be much more eas i ly  excited than Ti02. Hence, the excitation process 
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can be efficiently improved . The ensitizer can extend the range of excitation 
en rgl of the Ti 2 into i ible region. However, the en itizers themselves can 
degrad Thereby. th re i a need to add more en itiz rs in reaction systems. 
Becau e f thi rea on. the publication of thi kind of modi fication method ha 
dimini  hed the e 'ear [ 50] . 
1 .3.3 Coupl ing 
It i s  po ible to  create coupled col loidal tructures. 1 11 which i l lumination of one 
emiconductor produce a respon e in the other semiconductor at the interface 
between them. Coupled emiconductor photocatalyst exhibit very high 
photocatalytic activity for both gas and l iquid phase reactions by increasing the 
charge eparation and extending the en erg range of photoexcitation. The geometry 
of partic les, urface texture, and particle ize play a significant role in interparticle 
e lectron tran fer. ppropriate placement of the indi idual semiconductors and 
optimal thickne s of the covering semiconductor are cnLcial for effic ient charge 
eparation. There ha been much interest in coupl ing d ifferent semiconductor 
particle \',;ith TiO}, with coupled samples such as CdS-Ti02, Bi2S3-TiO}, W03-Ti02, 
nO}-TiO}, M003-TiO}, and Fe203-Ti01[ 5 1 1 . 
1 .304 Capping 
The coat ing of one semiconductor or metal nanomaterial on the surface of another 
semiconductor or metal nanopartic1e core is  cal led capping. emiconductor 
nanopartic les are coated with another semiconductor with a d ifferent band gap in 
core-shel l  geometry to passivate the surface of the in itial nanopart ic 1e and enhance 
its emissive properties.  The capped semiconductor system has simi lar mechanism of 
charge separation as in coupled semiconductor systems, while, the interfac ial charge 
transfer and charge col l ection in this multicomponent semiconductor system I S  
significantly d ifferent. I n  coupled semiconductor systems, the two partic les are 1 11 
contact with each other and both holes and electrons are accessible for selecti e 
oxidation and reduction processes on different part icle surfaces. On the other hand, 
capped semiconductors have core-she l l  geometry. By depositing a relat ively thick 
shel l  of  the second semiconductor with a thickness is  s imi lar to the core radius i t  is  
possible to maintain the individual identities of the two semiconductors. Under these 
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ircum tance . onl, one of the charge earners is  acces ible at the surface. whi le 
pp ite charge tran fer to the inner emiconductor occurs. thus improving the 
electivil ' of the interfacial tran fer and enhancing the 0, idation or reduction 
rea tion. Core- hel l g ometr ha an important con equence in terms of impatiing 
enhanced photoelectrochemical tabi l ity to the s tern, taking into account that many 
f these emiconductor (e pecial ly t:>roup I I-V I compounds) are prone to anodic 
photo-corrosion in aqueou medial S 1 J . 
1 .... y n the i 
Man) proce e can be employed for the production of Ti02 particle , such as ga -
pha synthe i ( depo il ion method ), hydrothermal synthesi sP), and sol-gel 
) nthe i [ 53 ) , This ection focuses mainl on sol -gel processing and gi es a brief 
overview on the depo ition method and hydrothermal synthesis . The deposition 
method ( puttering technique) wi l l  be explained more in depth in chapter 4 .  
1 A. 1  G a  -Phase M ethods ( Deposition M ethod)  
Gas pha e methods are ideal for the production of thin fi lms .  It refers to  any process 
in which materials in a vapor tate are condensed to form a sol id  phase material . 
Vapor deposition processes usual ly take place within a vacuum chamber. I f  no 
chemical reaction occurs. this process i s  cal led physical vapor deposition ( PVD) ,  
otherwise i t  i s  cal led chemical vapor deposition (CVD)[34.54) . CVD i s  a widely used 
indu trial technique that can coat large areas in a short space of t ime[6) . In CVD 
proce ses. thermal energy heats the gases in  the coat ing chamber and drives the 
deposition reaction. Other CVD approaches inc lude electrostatic spray hydrolysis, 
d i ffusion flame pyrolysis,  thermal plasma pyrolysis, ultrasonic spray pyrolysis. laser­
i nduced pyrolysis,  and ultrasonic-assisted hydrolysis .  In PVD, materials are first 
evaporated and then condensed to form a sol id  material . The primary PVD methods 
include thermal deposition, ion plating, ion implantation. sputtering, laser 
. .  d I 1'. 1 1 ' [34 54] vaponzatlOn an aser sUflace a oymg . . 
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1 ..4 .2 Hydrotherm a l  M ethod 
Hydrothermal ynthe i is  normal ly  conducted in steel pressure e sels cal led 
autoc Ja\ e under control led temperature and/or pre UTe with the reaction in aqueou 
olution . he temperature can b ele ated above the boi l ing point of the water. 
reaching the pre ure of vapor aturation. The temperature and the amount of 
olution added to the autoclave largely detern1ine the internal pres ure produced [6.34J • 
The hydroth rmal ynthe is is parti ularly intere ting since it d irectly produces a 
r, tal l ine powder. without the need of a final calcination step. which i necessary in 
the ol-gel proce s. However. the lack of knowledge of the chemical equil ibria of the 
pecie in solution and of the k inetics of nuc leation and growth of the d ifferent 
pha e make it d ifficult to control the overa l l  process[ 5 5 ] . 
l A.3 o l-Gel M ethod 
ol-gel proces i at the moment the most common and promising one at a lab scale .  
Although the o l-gel process has been known almost for a century and some of the 
most important aspects have been cleared, there exists room for improvement of 
individuating synthesis condition that result in a powder wi th impro ed properties, 
when compared with the commercial  product avai lable at the moment l 5 5 ) . 
Furthermore. i t  is a common chemical approach to produce high puri ty materials 
shaped as powders. thin film coatings, fibres. monol iths and self-supported bulk 
tructures. The o l-gel method has several advantages over other synthesis 
techniques such as low sintering temperature (which a l lows the preparat ion of Ti02-
anatase at low temperature) .  purity. homogeneity, stoichiometric controL ease of 
preparation (doesn' t require complicated instruments such as chemical vapor 
deposit ion) and ease of introducing dopants, composition and the abi l ity to produce 
hi fi l ' d [6 3 J  39) t n 1 m coatmgs or porous pow ers . . . 
Recently, many experimental works have been conducted on sol -gel method. even 
compared between sol -gel technique and other techniques. Shahruz and Hossain[ 56) 
used sol-gel technique to investigate how to control the size and morphology of Ti02 
nanopartic les with changing the synthesis parameters. I t  was found that independent 
changes of calcinations temperatures and/or gelatinization time accompanied by 
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ultra ound v, ave and p c ific pH value could alter the diameter of the TiO:! 
nanopartic le . hahini et a1 . [ 5 7 ] ) nthe ized highly crysta l l ine Ti02 anatase 
nanopartic le via g 1- 01 method and tudied the substantial reduction in the 
ynthe i time together with a narrow size di tribution and the effect of first and 
econd aging treatm nts on nanopartic les size and crystal structure. It was concluded 
that the time and temperature of aging did not affect the crystal l ite structure, but 
increa ed the particulate s ize and decreased the specific pore volume of the powder. 
Bayle and Gonfa[ 58] report d the effect of temperature on the properties of Ti02 
nanomaterial that v. ere nthe ized by sol -gel method. General ly .  it has been 
observed that a the calcination temperature increases. the ize of TiO:! nanomaterial 
inc rea e . Hema et a l .  [ 59] and harmi laDevi et al . [60] focused on synthesizing high 
efficient nanosized titania particles having large surface area by using sol -gel 
method. Kavitha et a l . [6 1 ]  presented a ystematic study on the growth. physical and 
chemical characterization of Ti02 nanostructures prepared by sol -gel and 
hydrothermal method . The tructural .  morphological and photocatal ytic activity were 
analyzed. It \vas shown that the hydrothermal ly prepared Ti02 particles had very fast 
degradation of methyl orange solution. Concluding that the nanopart ic les prepared by 
hydrothermal method hows better structuraL morphological and photocatal ytic 
property. While .  V ijayalakshmi and Rajendran[62 ] studied the d ifference between sol ­
gel and hydrothem1al methods by  preparing Ti02 nanoparticles with those two 
different methods in which both were done under the same ambient conditions. I t  
was evident that the Ti02 nanoparticles prepared via sol -gel route were highly 
crystal l ine and had smal ler crystal l ite s ize (- 7 nm) as compared to the one prepared 
by hydrothermal method (- 1 7  11111 ) .  
Water! 
dopant 
.. 
TI02-base � Ti02- � H drolyzed H SOl-gel } Drying! reactant a lcoholate sample calc ination 
... -� 
Alcohol ic  AcidlfYl l1g 
reagent reagent 
Figure 1 .4 :  Process flow chart for the preparation of Ti02-based photocatalysts by 
sol-gel method. 
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1 A.3. 1 1 echan i  m of o l-Gel ynthe i 
sol-gel proc for preparing Ti02 photocataly t is i l l ustrated in Figu re l .� .There 
are t\\ O po ible route for carrying out sol-g I nthe i , the non-alkoxide route and 
the alkox ide route. The non-alkoxide route use inorganic alts (TiC1.t )  as the tarting 
material . This require the remo al of the inorganic anion to produce the required 
oxide ( titanium dioxide) .  Ho\\,ever. hal ides often remain in the final oxide material 
and are d ifficult to remove. The alkoxide route involves hydrolysi of a metal 
alkoxide, fol lowed by conden ationl61 . This sect ion wi l l  d iscuss a general mechanism 
of alkoxide route. 
The ol-gel proce invol es h drolysis and condensation of the metal alkoxide 
fol low d by heat treatment at elevated temperature which induce polymerisation. 
producing a metal oxide network. In generaL transition metals have low electro­
negativit ies and their oxidation state i frequently lower than their  coordination 
number in an oxide network. Therefore, coordination expansion occurs 
spontaneously upon reaction with water or other nucleophi l ic  reagents to achieve 
their preferred coordination. Metal alkoxides are in general very reactive due to the 
pre ence of highly electronegati e OR groups ( hard-n donors ) that stabi l i se the metal 
in it h ighest oxidation state and render it ery susceptible to nucleophi l ic  attack .  The 
lower electronegati ity of transition metal s causes them to be more electrophi l ic and 
thu less stable  toward hydroly i s, condensation and other nucleophi l ic  reactions. 
Contro l l ing the condit ions can be d ifficult but successful control of the reaction 
conditions has the potential to produce materials of consistent s ize, shape and 
tructure[61 . 
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Chapter 2 :  Characteriza tion of i lver Doped Titan ium Dioxide Prod uced by the  
ol-Gel Method 
2 . 1  I n trod uction 
iobl m tal are mainl u ed a electron trap . The low cost and easy preparat ion of 
i lver ( g )  made it extr mely suitable for industrial appl icationsl63.641 . S i l  er can trap the 
xcited electron from Ti02 and leave the holes for the degradation reaction of organic 
species. I t  al 0 re ults in  the extension of their wavelength re ponse towards the is ible 
region[65.661 . Moreover. i lver part ic le can faci l itate the electron excitation by creat ing a 
local el ctric field, and plasmon resonance effect in metal l ic  s i lver pa1 ic les shows a 
rea onable enhancement in this electric field [661 . Due to si lver properties, doping Ti02 
with Ag imprO\ e the photocatalytic reactions and anti -microbial activity which makes it 
a current interest . Many researchers have worked on Ag-doped Ti02 for d ifferent 
photocatalyt ic  appl ications. 
In 2003, Tan et al. [67] used Ag-modified Ti02 to el ucidate its effect on the photocatal ytic 
reduction of elenate ( e) i ons. They observed in tenns of electron mediation from Ti02 
to elemental e via the Ag metal s, greatly  enhanc ing the electron density in the Se 
part ic les and hence lead ing to the fonnation of H2Se via the self-reduction of Se. 
Increasing the Ag-loading amount on TiO::? resulted in  greater H2Se generation. 
In 2004, L iu  et al .  [68] prepared s i l  er-Ioaded Ti02 photocatalysts by photochemical 
impregnation method and photo-oxidation of phenol and photo-reduct ion of Cr(VI )  to 
evaluate the photocatalyt ic Activity. They found that the better separation of electrons 
and holes on the modified Ti02 surface al lows more efficient reductions and oxidations. 
Moreover. in 2004, Sung-Suh et al. [69] evaluated and distinguished d ifferent effects of 
Ag deposits on the Ti02 photocatalytic activity by examining the photocatal ytic 
degradation of the rhodamine B (RhB)  dye in the aqueous suspensions of Ti02 and Ag­
deposited Ti02 nanoparticles under i sible and UV l ight i rradiation. They also compared 
the activit ies of the synthesized Ti02 and Ag-deposited Ti02 to those of the commercial 
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Degu a P25 TiOl and g-depo i ted P25 in the arne photocatalytic condition. The Ag­
Ti02 nan - 01 howed a 30% incr a e in the RhB photodegradat ion under vi ible l ight 
i rrad iation. a compar d to the pure Ti02. While under V irradiation, the g-TiO:! 
ample re\ ealed only 1 0°'0 mor RhB photodegradation a compared to the pure Ti02. 
nder \ is ible l ight i rrad iation. the igni ficant enhancement in the Ag-TiO:! photoactivity 
can be a cribed to imultaneou effect of Ag depo its b both act ing as electron traps 
and enhancing the RhB adsorpt ion on the Ag-TiO:! surface .  Under UV irradiation. 
however, Ag deposit may e 'hibit the effect on1 as electron traps, thus leading to the 
l i ght enhancement in the Ag-TiO:! photocatalytic acti ity. 
In  _005, r in[ 70) synthesis d g-TiO:! catalysts with d ifferent Ag contents by a sol -gel 
method in the ab ence of l ight for the evaluation of the photocatalytic activity for 
degrading rhodamine B ( RhB)  solutions, it was found that the Ag dopant promoted the 
phase transformat ion a well a had an inh ibition effect on the growth of anatase 
cry tal l i te and could effectively inh ibit the recombination of the photo-induced electrons 
and holes. Moreover. Lee et al . l 7 l J prepared Ag-Ti02 nanoparticles \ ith sol-gel method 
u ing a reduction agent. The presence of Ag in Ti02-Ag nanoparticle improved the 
photodegradation of p-nitrophenol and the photocatalyt ic acti i ty of Ag-Ti02 increased 
with the increase in the Ag 03 content. 
In 2006, obana et a l . lnJ worked on the preparat ion of Ag doped Ti02 (anatase) by a 
photodeposition method to compare the activity of the photocatalyst before and after 
surface modi fication with metal l ic  si lver for the degradation of two azo dyes DB 53 and 
D R  23 .  H igher activity of si lver doped Ti02 was detected due to the enhancement of 
electron-hole separation by the electron trapping of s i lver particles. 
In 2008. Bansal et al .  [ 73J studied the photocata lytical degradation and mineral ization of 
humic  acid in  presence of bare Ti02 and si lver loaded Ti02 (0 . 5-5 .0 at .% Ag).  I t  was 
stated that s i lver loading over Ti02 improved the rate of mineral ization and degradation 
of humic acid  with a maximum loading of l .0 at.% Ag. In  the san1e year, Anandan et 
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a ! .  [ 74J e \  aluated the e ffic iency o f  Ag-Ti02 photocatal st by fol lowing the kinetics and 
me hani m of the photocatal)1 ic degradation of a text i le d e ( c id Red 88,  AR88)  in the 
ab ence and pre ence of o. idants. such as pero omonosulfate ( PM ). peroxodisulfate 
( PD ) and hy drogen peroxide (I-h02) )  under vi ible l ight i rradiation. This  study shows 
that under i l lumination of visible l ight the prepared nano-meter sized Ag-Ti02 
nanomaterial i ver) active a a photocataly t to effecti ely photo-degrade Acid Red 88 
in the pre ence of electron acceptor uch as PMS and PDS.  
In  2009, Amin et a 1 . 1 75 J used sol -gel method to prepare Ag-Ti02 composite in nano­
range for a fea ible maximum antibacterial acti i ty .  The antibacterial act ivity of calcined 
powder at 300 and 500 °C was studied in the presence and in the absence of UV 
i rradiation against E cherichia col i  as  a model for Gram-negative bacteria .  The 
antibacterial te ts confirmed the powder calcined at 300 °C possessed more antibacterial 
activ ity than the pure Ti02. Furthermore. in  2009. Sun et a1 Y6] presented novel approach 
for preparing Ti02 nanotube array photocatalyst loaded with highly dispersed Ag 
nanoparticle through an u ltrasound aided photochemical route. The effects of Ag 
content on the photoelectrochemical ( PEC)  property and photocatal ytic activity of Ti02 
nanotube alTa. electrode were studied. The results showed that Ag loading significantly  
enhanced the photo current and photocatal yt ic  degradation rate of Ti02 nanotube array 
under UV - l ight i rradiation. 
In 20 1 0, Li et al . [77] prepared Ag-modi fied Ti02 powders with arious Ag/Ti molar 
ratios by m icrowave-assisted method. The photocatalyt ic  degradation of toluene was 
used to evaluate the photocatalytic act ivity of prepared photocatalysts. I n  concl usion, 
exhibited a better photostabi l ity in  tol uene degradation compared to Ti02. In contrast, 
KoCi et al. [78] studied the photocatalytic reduction of carbon dioxide in the presence of 
s i lver-modified Ti02 to investigate the influence of the Ag-doped Ti02 on the yields in 
both phases ( l iquid and gas) .  The Ag-doped sol-gel Ti02 powder possessed higher 
photocatal y1ic act ivity,  however, the main factor which influenced the yields of CO2 
photocatal yt ic  reduction i s  the Ag content. Later in  20 1 L Koci et al . [79] , assessed the 
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effect of � a\"elength (254, 365  and 400 nm) on  the photocatalytic reactivity of Ag-Ti02 
exempl ifi d b) the photoreduction of CO2 by water. CO:! aturated l iquid phase \\.'ith 
u pended g-TiO} calal) t powder \ ere used. a result, the radiation with the shorter 
wavelength of 254 run wa igni ficant ly more effecti e for O2 photoreduction than the 
"'65 nm radiation while 400 run wa not effect ive at a l l  and the increa ed efficiency of 
electron-hoi generation with the horter wavelength of i rradiation increased the 
effic ien y of the cataly t. 
In �O 1 L Zhao and Chen[80] prepared thin fi lm of Ag-TiO:! to study the photocatalytic 
a t ivit) of the photodegradat ion of methylene blue ( MB)  under UV l ight i rradiation. Ag­
TiO} fi lm howed a ignificant increase in photocatalytic acti i ty  compared to  the TiO:! 
fi lm .  Ko et al . [8 1 ]  i nvestigated photochemical synthesis and visible l ight induced catalyt ic  
activity of nanosized si lver Ag) doped t itania ( Ti02 ) .  Synthesis of the composite was 
achieved by photochemical reduction of a m ixture of P25 Degussa TiO:! and si lver 
nitrate ( Ag 03 ) solution under u ltraviolet (UV)  i rradiation. Photocatalyt ic  acti ity was 
evaluated by decomposition of methylene blue ( M B )  dye solution under visible l ight 
i rradiation. I n  comparison to pure Ti02• the composite nanopartic ies exhibited enhanced 
visible l ight-induced photocatalytic activity. Moreo er. Xiong et a l . [ 82 ] synthesized Ag­
modified mesoporous anatase TiO:! b a photoreduction method. They used on­
biodegradable dye. Rhodamine B ( RhB) ,  and a gram-negat ive bacterium. E. coli as 
probes to investigate the photocatalyt ic  detoxi fication and d isinfection propert ies of the 
composite materials under UV i rradiation. The effect of Ag loadings on catalyst 
performance and the role of Ag nanoparticles in  the photocatalyt ic  degradations were 
also i nvestigated. I t  was found that the deposited Ag nanoparticles s l ightly decreased the 
extent of adsorption of RhB, but increased the affinity of the surface to oxygen. which 
seemed to play a much more important role in enhancing the photocatalyt ic  reactions. 
After four cycles of reuse. the composite catalyst sti l l  showed significant capacity for 
dye degradation.  
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In 20 1 2. I smail [ 83] valuat d g-Ti02 films b photocatalyt ic oxidation of 2-
chI rophenol (2-CP)  a a model reaction. Ag nanopart ic le were incorporated into the 
me oporou ti tania by in itu heat-induced reduction through the oxidation of template at 
4000 • The photocatalytic 0 idation of 2-CP results indicated that. the Ag-Ti02 fi lms 
ho\\ good p rfoDnanc du to their high] ordered mesopores. one crystal pha e and 
mal l particle ize. The photocatalytic activity of me oporous Ti02 and Ag-Ti02 fi lms 
for photo-oxidation of 2- P is higher 4 and 8 t imes than nonporous Pi lkington Active TM 
glass re pectively .  The recycle te ts of Ag-Ti02 films confirm that the films are very 
table and high photoactive. In 20 1 2. L iu[ 8.J ) prepared Ti02 and g-Ti02 b the simple 
co-precipitation method. The photocatalyt ic inactivation and disinfection of E. coli. by 
using the catalyst under i rradiation of different l ight sources were studied and 
compared. The results howed that the visible l ight rna effect ively be applied for the 
di infection unit  of water and wastewater treatment sy tern by using photocatalysts of 
Ag-Ti02 . uwanchawalit  et a1 . (63 ) studied the photocatalyt ic  perfonnance of Ag­
modified Ti02 photocatalyst under visible l ight and compared it with that of commercial 
Degussa P2S-Ti02 under visible i rradia60ns. The photocataly t as prepared by the sol ­
gel using hydrazine a a reducing agent. The Ag-modi fied Ti02 catalyst has high 
photocatal yt ic efficiency than those of undoped Ti02 and commercial P2S-Ti02 under 
visible l ight i rradiation. Furthermore, the Ag-modi fied Ti02 catalyst can be used several 
times without any treatment process. Peerakiatkhajom et a1 . [85 ] pro ided the 
photocatal)t ic approach for treatment of some hazard air pol lutants such as benzene. 
toluene. ethylbenzene and xylene ( BTEX) under visible l ight by using s i lver doped 
titanium dioxide ( Ag-Ti02) thin fi l ms dipped on polyv inyl  chloride ( PVC ) sheet . The 
results exhibited the best performance for gaseous BTEX degradation under visible 
l ight. 
In 20 1 3 . Pugazhenthiran et al . ( 86) synthesized a very high surface area Ti02 nanotubes 
(Ti02 Ts) through a simple hydrothem1al method and thei r  surface was mod ified with 
si lver nanopart ic les ( Ag Ps) .  Their photocatalyt ic activity were studied toward the 
degradation of ceftiofur sodium (CFS), a third-generation cephalosporin antibiot ic .  The 
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urface depo ited Ag P signi ficant ly inc rea ed their photocatalytic degradation rate, 
0\\ ing to the pIa monic feature of g NPs a wel l  as due to the effecti e charge 
separat ion (electron-hole eparati n )  at the g-Ti02 interface. Kong et al . [ 87] also used 
hydrothermal method to gr w Ti02 nanorods on transparent conductive fluorine-doped 
tin oxide ( FTO) sub trate where g nanopart icle were deposited on Ti02 nanorods by 
double-potentio tatic method under d ifferent nucleation potential . The catalysts were 
eval uated b photo-reduction CO2 under UV i rradiation. It was proved that Ti02 
decorated \\ ith g nanoparticl s improved photocatalyt ic  acti ity ,  and Ag deposited 
Ti02 und r - 1 .0 nucleation potential had better performance for the better s Ize 
\'ariation and unifom1 spat ial d istribution compared to other nucleation potentials .  
In  20 1 4. uwamkar et a l . [ 88J de cribed the doping of Ti02 with Ag by an energy effic ient 
micro",ave method. The photocatalytic activity of the catalyst was evaluated by using 
methyl orange a a model pollutant and studied the effect of catalyst (Ag doping) 
loading. and pH. I t  wa found that the degradat ion efficiency of Ti02 increased 
gradual ly  with increase in Ag dopant . Ag doped Ti02 photocatalyst significant ly 
improved the photocatalytic act ivit . Lee and Chen [89 J . in est igated the effect of s i lver 
content in g-Ti02 catalyst for methylene blue destruction under UV l ight irradiat ion by 
synthe izing nano Ag-Ti02 catalysts by chemical deposition method. The photocatalytic 
act ivity increased after loading with Ag. In add it ion, Aazam[90] used Ag-Ti02 
photocatalyst supported on mult i -wal l carbon nanotube ( M WC T) to degrade thiophene 
by photocatalysis under visible l ight i rradiation in an aqueous solution. The results 
showed that the re-use of the photocatalyst remains effective and active after six cyc les. 
which ind icates the promising recyclabil i ty of a M WC T/Ag- Ti02 photocatalyst. 
In thi s  study. we are interested in Ag-doped Ti02 because Ag-doping into Ti02 prevents 
the recombination of electron-hole pairs and improves the photocatalytic reactions. Al l  
samples with arious concentrations of Ag-Ti02 were characterized using FTI R XRD, 
FESEMIEPMAI mapping, BET and UV-Vis  spectrophotometer. We studied the effect of 
Ag-dopant on the optical response of the Ag-doped Ti02. 
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2 .2  M ateria l  and  Re ea rch Method 
2.2 . 1  M aterial 
Titanium IV buto ide, Butanol .  2-Propanol .  ceton itrile. cetylacetone ( Pentane-2A­
dione) were purcha ed from igma- Idrich. Pure i lver ni trate from Applichem and 
fre h i )  pr pared di t i  11 d V\ ater wa u ed through of the experiment. 
2.2.2 Preparation of Ag-Ti02 photocata ly t 
g-Ti02 vv a prepared by using sol -gel method . m ixture of 2 . 55  ml Acetylacetone 
(pentane-2A-dione) in 32 ml butanol was prepared to chelate 1 7 . 1 9  ml t i tanium n­
butoxide. The mixture of Acetylacetone in  butanol was used to stabi l i se the Ti  centre. 
Titanium solution wa co ered with parafi lm  and kept on sti rring for 1 h .  Then, 3 .6 ml 
of dist i l led \ ater was dissolved in 1 1 . 5 ml of 2-propanol and added dropwise to 
hydrol ,  se the t i tanium solution which was left for 1 h stirring. Appropriate amount of 
g 10 ( for the preparation of 6. 8 .  1 0, and 1 2  moJ .% si lver doped titan ium )  was 
d i  o lved in 2 .09 ml  acetonitri le .  The acetonitri le was used as a coordinating solvent to 
tab i l ise the Ag. Ag solution was added to t i tani um solut ion dropwise which was sti rred 
for an hour. A c lear. yel low sol ut ion was produced, with no precipitation. Later, the 
obtained gel was dried to get rid of al l volat i les using a hot water bath and calcined at 
500De for 4- h to obtain the final product in a powder form . The powder turned to greyish 
black color after calc ination .  
2 .2.3 Characterization of Ag-Ti02 
2 .2 .3. 1 D iffuse Reflectance I nfrared Fourier T ra nsform Spectroscopy ( D R I FTS) 
Diffuse reflectance infrared Fourier transform spectra was perfonned by using a 
h imadzu l R-AffUlity- l spectrometer in the range of 4000-400 cm- I at 4 cm- I resolution. 
A background spectrum was recorded for KBr at 25 De after pretreatment at 1 50 DC 
under n itrogen flow, 1 0  m l/min .  
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2.2.3.2 Bru na uer-Emmett-Teller ( BET) 
J 2 ad orption-de orption studies for surfac area and porosity mea urements were 
conducted on a Quantochrome Auto orb- l ol umetric gas sorption instrument at 77 K. 
ample \\Jere degas ed at 1 50 DC for 8 h before mea urement . The surface area was 
obtained by the Brunau r-Emmett-Tel ler ( BET) method and the pore size distribution 
\\ a detenn ined by Barett-Joyner-Halenda ( BJ H )  model from the desorpt ion branch of 
the 2 i othem1s. 
2.2.3.3 X-ray d iffraction ( X R D) 
X-Ray Diffraction ( U lt ima IV -XRD) SI2S technique was u ed to stud the crystal 
tructure. The mortar grinder wa u ed to prepare the various contents of Ag-Ti02 
powder sample for XRD analysis. The powder was mounted on the powder sample 
holder and examined for crystal structure identi fication. The XRD pattern for the powder 
ampJes was obtained b Rigaku U ltima IV X-Ray Diffractometer using a Cu Ka 
radiation ource operat ing at 40kV and 50 rnA . For the qual itative analysis ( i .e . ,  phase 
identi fication),  the x-ray pattern as analysed using pattern proce sing software 
equipped with the International Center for Diffraction Data ( IC DD)  and powder 
d i ffraction fi le ( PD F )  database of the standard reference materials .  
2.2 .3.4 UV-visib le absorption spectrometry ( UV-vis) 
H igh-Resolut ion Spectrometer (Ocean Optics I nc . ,  HR-2000) used to study the optical 
properties of the various contents of Ag-Ti02. Tungsten halogen lamp ( L S- l ) used as a 
l ight source which was adj usted at 4 mm from the surface of the samples. A pol ished 
mirror was used as a reference. 
2.2.3.5 Field emission scann ing  e lectron microscopy ( FESEM ) 
Field emission scanning electron m icroscope (JSM-700 1 F-SEM)  was used to examine 
the surface morphology of the samples. The various contents of Ag-Ti02 samples ( in the 
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form of par1ic1e ) ",O' er mount d on the EM tub u ing a double- ided carbon adhe i e 
tape and then the mount d ample were coated by carbon at thickness of - 1 5 nm u ing 
the \ acuum evaporator in order to avoid the charging effect . The surface was observed at 
accelerat ing \ ol tage = 2 k to obtain high resolution image at 30  kx magni fication 
range. 
2.2.3.6 Electron Probe M icro-Ana lyser ( E PMA) 
El ctron Probe Micro-Analy er  ( JXA-8230)  was used to  obtain the chemical analysi of  
the ample and to  tud the chemical variabi l ity over the surface of  the specimens. 
Quali tative and quant itative measurements were done for these samples using energy 
di per i\ e pectrometer ( E D  ) detector to detennine the chemical composition. 
10reover. the same detector was used to obtain the distribution of elements over 
selected particles or area on the amples. 
The part ic le of each Ag-TiO] ample were mounted on the EPMA stub using double 
sided carbon tape and analysed for chemical composit ion and elemental distribution. Al l  
amples were coated by 1 5  nm thickness of carbon using vacuum evaporator to  remove 
charging. The analysis was performed at accelerat ing voltage of 1 5  kV using the energy 
dispersi e spectrometer ( E DS) .  The Qual i tative and quantitative analysis for all Ag-TiO] 
sample \vere obtained at 1 kx magn i fication. 
2.3 Re u lts and D iscussion 
2.3. 1 D R I FTS Ana lysis 
The DRIFTS spectra of TiO] Figure 2 . 1 showed two peaks at 3443 and 1 640 cm' l 
which are attributed to OH-stretching and bending vibrations, respectively. Another 
band due to Ti-O was observed between 500-900 cm' l , In Ag-doped Ti02 with d ifferent 
percentage of AgO' spectra bands were observed at 3400-3472 cm' l and 1 6 1 2- 1 6 1 9  cm' l , 
again due to OH-stretching and bending, respectively .  A Ti-O band also appeared 
between 500 em' ! and 900 cm' l . In Ag-Ti02 composites, the absorption bands of OH 
( stretching and bending) and Ti -O bands were reduced. The presence of new peaks in  
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the region between 500- J 000 cm- ' d ifferent from pure CuO and pure TiO} indicate new 
metal-ox) g n bonding. The e re ults upport the fOlmation of mixed oxid ( i .e .. Ti-O­
u)  bond ing. 
Figure _. 1 : DRIFTS spectra of Ag-Ti02 for various contents of Ag (mol .%) .  
2.3.2 S u rface Ana ]ys i  by us ing BET 
The surface area of pure Ti02 and Ag-doped Ti02 was measured by the  nitrogen gas 
adsorption technique employing the BET method. The results are summarized in Table 
2 . 1 .  The photocatalytic act ivity of nanopartic les i s  h ighly related to thei r  surface 
properties. As surface area ( and porosity ) increases, the number of active sites also 
increases[88] . 
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The BET urface area of th unm d i fied Ti01 was found to be about 67 m1/g which i 
c lo e to that reported b) Koel et a l .(8) . It was ob rved that when 6 mol.% g '.va 
introduced, the urface area dec rea ed to 3 1 . 7 m1/g. It  seems that the agglomerat ion of 
the nanopart ic le were fomled when g part ic les \vere introduced into the Ti01 matrix, 
re ult ing in the decr a e of th urface area. Thi is ident in the EM image ( Figu re 
2A) \\l hich hows that the morphologie of the Ag-doped Ti02 nano-catalysts represent 
highl) aggl merated nanopart icle . Furthermore, the surface area has s l ightly increa ed 
with increa ing the mol .% of the Ag dopant .  The pore volume of all samples is  almost 
the arne regardle of the g mol .%. The average pore size hows ha significant ly 
increased at 1 2  mol .° o g. 
Table 2 . 1 :  BET pec ification for arious concentrations of Ag-Ti01. 
Ag-Ti02 SBET Pore vol ume  
( mol.  % Ag) ( m2/g) ( cc/g) * 
a 67 0 .06 
6 "' ?  .) - 0.07 
8 34  0.05 
1 0  35  0 .06 
1 2  36 0.06 
Pore volume at PlPo = 0. 1 
2 .3.3. Optica l Ana lysis by UVIVis. 
Average Pore 
size (A)  
32 .4  
42.3 
46. 7 
48 .2 
1 20 . 1 
The yield of photo-generated electron-hole pair first depends on the intensity of incident 
photons with energ exceeding or equal l ing to the Ti02 bandgap energy [68 J . The effect 
of s i lver loading on the band energy of Ti02 was in estigated with high-resolution 
pectrometer. Figu re 2.2 shows the UV -Vis  spectra of Ag-Ti02 catalysts. I t  is  seen that 
the max im um absorption wavelength increased with increasing Ag content, i .e .  the 
absorption was shifted into the visible region for Ag-Ti02 catalysts and the shift 
increased with the increasing amount of si lver. 
The bandgap can be calculated b the fol lo ing fonnula, 
Eg = h C ) • . = 1 240/AculoiT ( 1 )  
where h ( Plank constant ) = 6.63 x 1 0.34 1 .s: C ( speed of l ight)  = 3 .0 x 1 08 rnI : AculofT 
(cut off wa e length) = 4 . 1 1 x 1 0.7 m.  ote: 1 eV = 1 .6 x 1 0- 1 9  ] (conversion factor) .  
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Th calculated band gap energ for pure Ti02 and various content of Ag-Ti02 are l i sted 
in Table 2.2 . In thi s  vv'ork. the pure Ti02 has a band gap energy, Eg = 2 .95 eV. 
respectively, while the band gap energies of the Ag-Ti02 samples decreased from 2.95 
e (0 mol . % Ag) to 2 . 5 5  eV ( 1 2  mol . Ag),  i .e . ,  the band gap energy is inversely 
proportional to Ag content. 
--T i02 
- 6% AgfTi02 
4 
8% AgjTi02 
-- 10% AgjT i02 
--+- 1 2% AgjT '0 2  
3 • 1 • 
1 
400 450 500 5 50 600 650 700 
Wavelength, nm 
Figure 2 . 2 :  Absorption spectra for pure Ti02 and Ag-Ti02 at vanous Ag contents 
(mol .%) . 
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Table 2 . 2 :  l"cUlOtT and bandgap o f  prepared Ti02 and various content o f  Ag-doped Ti02. 
Sample (mol .  % Ag) 
Pure Ti02 
6% g-Ti02 
8% g-Ti02 
1 0% Ag-Ti02 
1 2% Ag-Ti02 
}"'CutotT ( n rn) 
420 .9 1 
�67 .84 
472 .0 1 
478 .49 
486. 8 1  
2 .304. Phase Structu ral Ana lysis by us ing XRD 
Bandgap ( eV) 
2.95 
2 .65 
2 .63 
2 . 59  
2 . 55 
XRD test has been done to investigate the effect of Ag content (mol .%) on the crystal 
structure of the Ag-doped TiOl nanocatalyst .  The analysis was carried out in the range 
of 28 = 1 0-90° for d ifferent concentrat ions of Ag. The d iffraction pattems are shown 
Figure 2.3 a-e for pure and Ag-doped Ti02. For the ptu'e Ti02 ( Figure 2.3 a ), two 
phases of tetragonal TiOl are observed� one is  anatase Ti02 (h ighest peak) and the other 
phase is  rut i le TiO� (the hort peak adj acent to anatase peak, which represents a very 
smal l  amount of rut i le Ti02) .  The smal l  amount of the rut i le  phase acts as a structural 
defect or impurity in the anatase phase and causes high photocatal ytic activity [9 1 1 . The 
strong diffraction peaks at 25 .29°. 27 .5 1 °. 3 7 .95°, 48 .09°, 54 . 1 8°. 62.68°, 68 .78°,  74.80° 
and 82 .75°  correspond to the crystal planes [ 1 0 1 ] , [ 1 1 0] ,  [ 1 03 ] ,  [200] , [ 1 05 J ,  [ 2 1 3] .  
[ 1 1 6J .  [ 1 07J , and [303]  respect ive ly .  This i s  attributed to reflections o f  anatase Ti02 
which is compared with JCPD Card 0 (2-0494 ) for ruti le  phase and JCPD Card No 
(2 1 - 1 272)  for anatase phase. 
After the addition of Ag. only anatase d iffract ion peaks were detected in d ifferent Ag 
contents (Figure 2.3 b-e) . It can also be seen that most of the 28 peak positions of major 
d iffraction pattem in al l samples show no shifting. having simi lar values of pure Ti02, 
except the changes in  the intensities of these peaks ( i .e . ,  intensity increases as Ag 
i ncreases). 0 Ag phases were ident ified in  any of the samples due to their wel J  
d ispersion .  This shows the good homogeneity of the nanopartic1es .  I n  addit ion, Ag 
load ing did not cause s ignificant changes in crystall inity since, Ag + ion radi i  is  too large 
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to  repJac Ti -t ion in the TiO:! matri . .  A seen in  Figu re 2 .3 b-e. the addition of Ag 
didn' t  hange the pha e stru ture of the TiO]: this may indicate that g i fonned on the 
cr) tal borders and on the urface of the TiO:!: \vhich promote visible l ight ab orption 
a hown in  Figu re 2.2 . 
(a)  
(b) 
(c) 
� J 
F igure 2 . 3 :  XRD patterns of (a )  Ti02, (b )  6 mol .% Ag-Ti02, ( c )  8 mol .% Ag-Ti02. (d )  
1 0  mol .% Ag-Ti 02' and (e )  1 2  mol .% Ag-Ti02. 
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2 .3.5. u rface M orphology and Chem ical  Compo it ion Analysi  by  U ing FESEM 
and EPMA 
Figu re 2.4 h o  the FE EM images of pure Ti02 and different concentrations o f  Ag­
Ti02 .  This  study wa performed to inve tigate the surface morphology of the 
ynthesized Ag doped Ti02 nanoparticles. Relat ively uniform spherical shaped 
nanoparticles were ind icated . which are the aggregat ion of tiny crystals .  FESEM images 
of pr pared Ag-doped Ti02 compared with those of pure Ti02 confirm that Ag-doped 
Ti02 has a l ightly smal ler pa11icle ize than that of pure Ti02 as mentioned in TabJe 
2.3 .  Moreover. the calc ination temperature plays a role in affecting the crystal l ite size of 
TiO] and Ag-Ti02. The cr stal l inity increases with increasing calcinations temperature 
because higher ordering in the structure of titania part ic les makes X-ray peaks sharper 
and narrower [64 l . 
The presence of Ag and Ti in  the prepared pure and Ag-Ti02 powders was detennined 
using the EDS mapping i l l ustrated in Figu re 2 .5 .  The results indicate that the 
constitutive elements are 0, Ti and Ag nanoparticles, which were prepared by the sol­
gel method v,:ith d ifferent AgN03 contents. It was ob el-ved from the e lemental mapping 
analysis that Ag nanoparticles are unifomuy d ispersed in  the Ti02 nanoparticles.  
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( a )  
3 5  
( c )  
36 
( e )  
Figure 2 .4 :  FESEM images of  (a )  Ti02,  (b )  6 mo1 .% Ag-Ti02, (c ) 8 moJ .% Ag-Ti02, (d )  
1 0  mol .�o g-Ti02' and (e )  1 2  mol .% Ag-Ti02. 
Table 2 . 3 :  Crystal l ite size of various contents of Ag (mol%) by FESEM analysi s. 
Ag ( mol .%) Crysta l l ite s ize 
( n m )  
0 58. 7 
6 5 5 .4 
8 55 .2 
1 0  48 . 1 
1 2  47 .2  
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F igure 2 . 5 :  EDS  mapping and elemental analysis and distribution of 0 ,  A g  & T i  for ( a) 
Ti02_ ( b )  6 moL% Ag-Ti02_ ( c )  8 moL% Ag-Ti02_ (d )  1 0  moL% Ag-Ti02, and (e )  1 2  
moL% Ag-Ti02 samples. 
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2.4 ConcJu ion 
Ti02 and Ag-doped Ti02 (with variou Ag mol . %) nanopartic1es were prepared by the 
ol-gel method and characterized u ing FTI K  RD, FESEMIEPMAImapping, BET and 
V-Vis spectrophotometer. XRD results showed that the Ag-doped Ti02 samples were 
in pure anatase phase and the presence of Ag pre ented the formation of the rut i le phase 
which is Ie reactive than the anatase phase. FE EM images showed that both Ti02 and 
Ag-TiO] have pherical morpholog . ED showed unifonn di spersion of Ag in the Ti02 
nanopartic1e . The V /Vis analysis howed that the l ight absorption for the Ag-TiO] 
nanopa11icles was shifted to the visible region and the shift increases with the increase of 
Ag molar concentrat ion.  Our results showed that doping Ti02 with s i lver has enhanced 
the optical propert ie  of TiO] and is expected to be a good potential candidate for 
photocatal ytic appl ications. 
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C h a pter 3 :  Characteriza t ion of Copper Doped Titan ium Dioxide Produced by the 
o l-Gel Proce 
3. 1 I n troduct ion 
R centl ) ,  copp r ha b en incr a ingly invest igated a a dopant for t i tania.  I t  is  one of 
the b t candidate metal dopant for Ti02 surfaces, becau of i ts  relative abundance, 
high el ctronic conductivity and 10\ cost as compared to noble metals [92.93 ) such as Ag. 
u i al 0 a metal l ic element e ential to human health and is  considered a low toxicity 
metal to humans and i used in intrauterine devices[94 ) . 
e\eral \\ rk on the appl ication of Cu-Ti02 have been reported in the areas of solar 
energ} . environmental remediation for chemical contaminants removaL and microbial 
treatment. In olar energ , the exi stence of Cu e lement significantly shi fts the l ight 
re pon e of Ti02 into the visible region, resul t ing in the enhancement of the photo­
electrochemical properties of the Ti02, and increasing the act ivity of the Ti02 as catalyst 
for hydrogen generation. Cu  dopant was also effective in  increasing the properties of 
Ti02 for converting carbon dioxide to higher carbon compounds and for generat ing 
hydrogen from water. In  microbial treatment area, the Cu species can be used as an 
i mpurity material to enhance the Ti02 act ivit  for the treatment of water containing 
harmful biological contaminants. I t  i s  noticeable that the act ivity i s  affected by the 
presence of Cu species in Ti02 matrix, because Cu could influence the particle size. and 
optical or e lectronic propert ies of Ti02. as wel l  as the number of oxygen or intermediate 
species on the surface of the TiO}9:) . A large number of studies on Cu doped Ti02 
nanomaterials have been reported. 
I n  2004. Tseng et a1 . [96] extended the fundamental understanding of the relationships 
among the sol-gel procedure, the properties of catalysts and photocatalyt ic activity. 
Copper- loaded t i tania (Cu-Ti02) photocatalysts was used to e aluate the photocatalytic 
performance and was synthesized ia  an improved sol-gel process; the results of which 
demonstrated a promising technique for preparing such photocatalysts. 
In 2005. S lamet et a1 . (97) i nvestigated the photocatalyti c  reduction of C02 with H20 at 
the l iquid/so l id  i nterface of copper-doped titania photocatalysts. The photocatalysts with 
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\ arJous copper p cle uO-Ti02. ul -Ti02 and CUI I _TiO:! (0 .5 ,  l .0. 3 .0. 5 .0. 1 0 .0% 
uO-TiO:!. 3 .0% Cu-TiO:!, 3 .0% CU20-Ti02) were prepared by an impro ed 
impr gnation method via the reduction-Dxidation tep . It wa concluded that copper 
wa an e fTective electron trapper and able to prohibit the recombination of electron-hole 
pair , hence ignificantl promoting the photo-effic iency. 
In  2006. Colon et a1 . [98] tried to improve the photocatalyt ic acti i ty of Ti02 by d ifferent 
u doping procedure (prepared b o l -gel method) and combined the structural and 
urface effect of d ifferent acid u ed in the preparation procedure. and the presence of 
Cu doping pecie . In summary. the d ifferent beha iour between CuTiO:!, CuTiO] and 
CuTiO:! series could be related to the d ifferent structural and electronic stabi l i ty that 
urface ulphate ( and sub equent 0 vacancies formed ) could produce in the Ti02 doped 
y tems. In the same year, H. . Park et a1. [99] prepared 2 .5  wt .% of Cu-doped Ti02 
pO\vder by mechanical al loying (MA)  and homogeneous precipitation process at low 
temperature ( H PPLT) then investigated the effect of Cu doping on the photocatal yt ic 
activity. cry tal  size and tructure . The Cu-doped powder had higher reaction abi l ity 
than that of P-25 and HPPL T because the energy Ie el was induced in the Ti02 band gap 
by the doped Cu. 
In 2007, Choi and Kang[ I OO] investigated the production of hydrogen from the 
methanol/v,:ater photodecomposition over Cu ( 1 ,  5, 1 0, and 1 5  mol%)/Ti02 
photocatalysts loaded with CuO with an anatase structure. It was prepared by the 
conventional impregnati on method.  As a result, CuO component present on the external 
surface of the Ti02 anatase structure was confirmed to improve the H2 production via 
methanol/water photodecomposit ion.  
In 2008, Xin et a1 .  [ I O I J prepared Cu-Ti02 nanopart ic les with d ifferent Cu dopant content 
(0. 0 .02, 0 .04, 0 .06, 0.08, 0 . 1 0  0 . 1 5 ,  0 .20, 0.40. 0 .60, 0 .80,  1 and 3 mol%) were 
prepared by sol-gel method and the effects of the surface species on the photocatalytic 
activity were investigated. It was found that Cu (about 0.06 mol%) possess abundant 
electronic trap. such as the 0 vacancies and Cu ( I I )  ions and the content of surface 
hydroxyl on the surface of the 0 .06 mol% Cu-Ti02 is increased remarkably in contrast to 
that of pure Ti02. These factors can improve the photocatalytic activity of Ti02. 
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In  2009, Yoong et a1 .  [ l O:!J i n  estigated the advantage of copper doping onto TiO:! 
emiconductor photo ata l )  t for enhanced hydrogen generation under i rradiation in the 
\ i ib le range of the electromagnet ic p ctrum. Two meth d of preparation for the 
copper-doped atalyst were elected. complex precipi tation and wet impregnation 
method . The dopant l oad ing varied from _ to 1 5  wt.%. Finall . i t  was noted that the 
ynthe i of t itania by the ol-gel method rather than using the Oegussa P25 variety rna 
be a better option since thi material can be obtained in essential ly  anatase fom) by 
uitabl) electing the sintering temperature. Also, the copper salt rna be incorporated 
during the ol-gel preparation tep for unifoffi1 dispersion of the dopant in the final 
product. 
In 20 1 0, u and Huang[ 1 03 J tudied the photocatalytic CO:! reduction on the Ti02 and 
Cu-TiO:! photocataly ts . The photocatalysts were prepared by sol -gel method. It  was 
ob erved that. copper acted as electron trapper and enhanced the rate of CO2 
photoreduction. 
In  20 1 1 . Wei et a l . ( I O-l ]  e a luated the photocatalyt ic  activity by usmg the products 
measurement of CO� photoconversion w1der UV l ight i rradiation. Various copper­
modified TiO� Ps contents (0 . 1 .  0 .6, 2 ,  7, 20, 30  wt. % Cu-Ti02 ) was used and 
synthesized via sol -gel  method. It was found that 0 .6 and 20 wt. %  Cu-Ti02 N Ps 
po ses ed the h igher photoconversion efficiency of CO2. 
In 20 1 2. Khodadadi et a1 . (91] synthesi sed Cu-doped Ti02 nanocomposite by the sol-gel 
method with and without three additives; Poly(ethylene glyco l )  ( PEG).  Carboxy Methyl 
Cel lulose ( CMC) .  and Pect in .  Final ly,  the influence of these addit ives on the properties, 
structure and photocatalyt ic act ivity under UV - irradiation was investigated for the 
removal of organic pol lutant .  The results showed that the photocatalytic activity of the 
nanocomposites increased in the presence of additives and pectin was more effective 
than others . 
I n  20 1 3 , Choudhury et a1 . [93 ] d i scussed the doping effect of Cu on the crysta l l inity of 
pure Ti02 nanoparticles and examined how Cu extends the absorption edge of Ti02 to 
the visible region and reduces the effective band gap of Ti02.  The photocatalysts were 
prepared by sol -gel method . In the same year, Heciak et a1 . [ 1 05] i nvestigated influence of 
46 
the m di fication procedure and copper precursor on the ph ico-chemical propert ie and 
ph toact i \  it) of the phot catat)' t to\vards formation of u eful hydrocarbons from 
acet ic acid .  The Cu-mod i fied photocataly ts were prepared by three methods:  
impregnation. photodepo i t ion or mechanical a l lo ing. In  conclusion. most of the Cu­
Ti02 photocatal st revealed ign i fi cant ly improved acti i ty in the photocatal ytic 
g neration of u eful a l iphat ic hydrocarbon and hydrogen compared to the crude TiOl or 
commercial TiOl P25 .  
In  20 1 4. Pham and Lee[94 ] reported the chemical mechanism of Cu  in enhancing the 
photocatalytic activity of TiOl in the Cu-TiOiGF photocatalyst system for the 
disinfection of E. col i  in aerosols w1der visible l ight i rradiation and also inve tigated the 
effect of humidi ty on bio-aero 01 disinfection using the Cu-Ti02/GF photocatalyt ic  
y tern .  In  conclusion. Cu  doped in the Ti02 lattice enhanced electron-hole separation 
efficiency and electron-hole separation capacity of the photocatalyst and the 
photocatalyt ic  dis infection of E .  col i  was dependent on eu content in the Cu-Ti02/GF 
photocataly ts. Gane h et a1 .  ( 1 06) prepared different an10unts of Cu-doped TiOl powders 
and thin fi lms were prepared by fol lowing a homogeneous co-precipitation method and 
ol-gel dip-coati ng technique for the evaluat ion of: ( 1 ) e lectrochemical reduction of COl 
in  a tv,'o-compartment electrochemical cel l ,  ( 2 )  photo current generation in PEC cel l s, 
and ( 3 )  photocatalytic meth lene blue ( M B )  degradation reactions under the i rradiation 
of a simulated solar l ight having d i fferent wa elength regions. As a result of tllis work. 
UV - l ight-induced Ti02 was found to be responsible for photocatalyt ic  methylene blue 
( M B )  degradation, and TiOl was not sensit ized by M B .  The in-situ formed compounds 
of Ti02 and CUOlCU20 were found to absorb visible l ight. but showed l ittle visible- I ight­
induced photocatalyt ic  act ivity. 
In this work, a series of copper doped Ti02 N Ps were synthesized vIa the sol-gel 
method. A l l  samples with arious concentrat ions of Cu in  Cu-Ti02 were characterized 
using FTIR. X RD,  FESEM I EPMA! mapping, BET and UV-Vis spectrophotometer. 
Rheological analysis was also conducted on Cu-doped Ti02 where no simi lar research 
work have been done yet. The d ifferent effects of copper species were studied with 
respect to the characterist ics of Cu-Ti02 NPs.  
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3.2 M ateria l  and  Re ea rch M ethod 
3.2. 1 M aterial 
Titanium I butoxide and thanol were purcha ed from igma- Idrich. Cu 03h .3 H20 
and nitric acid from Ri d I -de Haen. and freshl prepared dist i l led water was u ed 
throughout the xperiment . 
3.2.2 Prepa ration of Cu-Ti02 photocatal st  
Cu-Ti02 \\ a prepared b u ing ol-gel method. 52 .5 m L  of Ti(OBu) . .  was dissol ed in 
1 00 mL ethanol and 0 lutiol1 wa sti rred for 1 0  min. Then 7.5 mL of concentrated HN03 
wa added dropwise to this solution and kept on t ining for further 30 min .  Appropriate 
amount of Cu( 03h3 H20 ( for the preparat ion of l .6, 2, 3 .2. 4 . 8 ,  5, 6 .4 ,  8. 1 0, and 1 5  
mol .% Copper-doped Titan ium )  wa dissol ed in 1 00 m L  of ethanol and 1 5  m L  of H20. 
Copper nitrate solution was added dropwise to t i tanium solution and was sti r  for 1 h .  A 
c lear. l i ght blue solution was produced, with no precipitation. After 69 h of aging. the 
ol\"ent in the obtained gel \ ere evaporated using a hot water bath. and then calc ined at 
500°C for 4 h to obtain the final product powder, which had turned to greyish black 
color after calc ination.  
For rheological measurements. the preparation of the sol -gel was the same as discussed 
lately. but it \\"as tested before and after aging as a gel form. ei ther evaporation nor 
calcinations was applied.  
3.2.3 Characterization of Cu-Ti02 photocatalysts 
3.2.3. 1 Rheological Measu rements 
The rheological properties perfOlmed to determi ne the sol-gel flow behavior were 
carried out using a Rheolab QC viscometer from Anton Paar Germany. The system has 
an inner cyl inder rotating i n  a stationary outer cyl inder. A bob with a rad ius of 1 3 .329 
mm and a cup with a radius of 1 4 .460 mm and 1 20° cone angle were used to foml a gap 
of width 1 . 1 32 nml. The temperature was control led by using themlo-stated-circulating 
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bath. 11 rheological Ie t were carried out at 25°C .  The pH of the oI-gel wa measured 
b) pH meter at 25 °C u ing pH met r (69 1 pH meter. Metrohm Heri au witzerland . 
3.2.3.2 Diffu e reflectance infra red Fou rier transform pectroscopy ( D R I FTS) 
Di ffu e retl ctanc infrar d Fourier tran form pectra were performed by using a 
himadzu IR- ffinit - 1  spectrom ter in the range of 4000-400 cm' l at 4 cm' l resolution. 
background pectrum wa recorded for KBr at 25 °C after pretreatment at 1 50 °C 
under nitrogen flow. 1 0  mllmin .  
3.2.3.3 B ET 
2 ad orption-de orption stud ies for surface area and porosity measurements were 
conducted on a Quantocruome Autosorb- 1 volumetric gas sorption instrument at 77 K.  
anlples ·were degassed at  1 50 °C for 8 h before measurements. The surface area was 
obtained by the Brunauer-Enmlett-Tel ler ( BET) method and the pore size distribut ions 
were determined by Barett-Jo ner-Halenda ( BJ H )  model from the desorpt ion branch of 
the 2 i sothernls .  
3.2.304 X-ray d iffraction ( X RD )  
X-Ray D iffrac60n ( l t ima I V  -XRD) S/2S technique was used to stud the crystal 
structure. The mortar grinder was used to prepare the various contents of Ag-Ti02 
powder samples for X RD analysis .  The powder was mounted on the powder sample 
holder and examined for crystal structure identification. The XRD pattern for the powder 
amples was obtained by Rigaku Ul t ima I V  X-Ray Diffractometer using a Cu Ka 
radiation source operating at 40 kV and 50 mAo For the qual itative analysis ( i .e . ,  phase 
identification).  the x-ray pattern was analysed using pattern processing software 
equipped with the Internat ional Center for Diffracti on Data (ICDD)  and powder 
d iffraction file  ( PDF)  database of the standard reference materials . 
3.2.3.5 V -vi i b le ab orption pectrometry (UV -vi ) 
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High-Re olution pectromet r ( cean Optic Inc . ,  H R-2000) wa to study the opti cal 
mea urement of the variou content of g-TiO:!. Tung ten halogen lamp ( L  - 1 ) used 
as a l ight ource \"\ hich \ a adj u ted 4mm from the urface of the samples. A pol isbed 
mI rror \\ a u ed a a reference. 
3.2.3.6 Field emi ion ca nn ing  electron m icro copy ( FESE M )  
Field Emi sion canning Electron Microscope (JSM-700 1 F-SEM ) was used to examine 
the urface morpholog) of the sample . The various contents of Ag-TiO:! samples ( in the 
fom1 of part ic les )  were mounted on the EM stub using a double- ided carbon adhesive 
tape and then the mounted amples \vere coated by carbon at thickness - 1 5  nm using 
the vacuum evaporator in order to a oid the charging effect . The surface was observed at 
accelerating voltage = 2 kV to obtain high resolution images and at 1 00x, 200x, l kx ,  
5k.x, 30b: and 50k.x magnification range. 
3.2.3.7 E lectron Probe M icro-Ana lyser ( E P M A) 
E lectron Probe Micro-Analyser ( JXA-8230)  was used to obtain the chemical analysis of 
the samples and to study the chemical variabi l ity over the surface of the specimens. 
Qual i tative and quantitat ive measurements were done for these samples using energy 
dispersive spectrometer ( E D S )  detector to determine the chemical composition. 
Moreowr. the same detector was used to obtain the d istribution of elements over 
selected part ic les or areas on the samples. 
The partic les of each Ag-Ti02 sample were mounted on the EPMA stub using double 
sided carbon tape and analysed for chemical composition and elemental distribution. Al l  
samples were coated by 1 5  nm thickness of carbon using vacuum evaporator to  remove 
charging. The analysis was performed at accelerating voltage 1 5  kV using the energy 
dispersive spectrometer ( EDS) .  The Qual i tative and quanti tative analysis for al l Ag-Ti02 
samples were obtained at l kx magnification. 
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3.3 Re u lt and Di  cu  ion 
3.3. 1 Rheological Ana ly i 
Thi tudy examine the rheological characteri t ic of the Cu-TiO:! prepared by the 01-
gel method . In  the flow curve m a urements. the shear stre s (T )  of the samples was 
mea ur d a a function of hear rate ( y )  at constant temperature . I n  the t ime-dependent 
measurement . the apparent vi co i ty of the sample \ as measured as a function of t ime 
at con tant hear rate . t on tant time, the viscosity versus shear rate was mea ured for 
di ffer nt Cu concentration in the Cu-TiO:! nano-materia l .  
Figu re 3. 1 shov,: the viscosity dependence on hearing t ime measured at  constant shear 
rate of ( 1 0  . 1 ) � r different Cu concentrat ions in the Cu-Ti02 sol-ge l .  Cu concentrations 
of ( 0. 2 .  5. 1 0  and 1 5 ) mol .% reached the gelation point smoothly. Gradual increa e in 
the vi co ity reached in  6000 with unifOlm slope.  The gelation occurred very slowly 
due to the 10\\ and continuou increase in  the iscosity with t ime this due to the 
protonation of the Ti surface resul ted from the reaction with the acid where a continuous 
netv" ork formed from the l i nk ing of the charged col loidal partic les. The results indicated 
that the gelation process for the Cu-doped Ti02 catalyst could be completed in se eral 
hours or even days. 
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Figure 3 . 1 : Vi  cosit ver 1I  shear time for d ifferent ell contents at 0 h, (a) Ti02, (b )  2 
mol .°� ell-TiO:!, ( c )  5 mol .% ell-TiO:!, ( d )  1 0  mol .% ell-TiO:!. ( e )  1 5 11101 .% eu-TiO:!. 
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The sol-gel ,:va left under ambient conditions for 69 h to make sure that the catalyst had 
reached complete gelation.  The physical appearance of the gel did not change. Figu re 
3.2 shows the " iscosity ersus time at constant shear rate measurements. The viscosity 
of 1 0°'0 and 1 5% eu was constant and no change was observed, which implies that the 
vi cosity is homogeneou in t ime. and even if any settlement of the pal1ic les occurs the 
gel can be shaken to be re-homogenized .. Whi le the viscosity of 2% and 5% eu sl ightly 
increased in the shearing process, which might be due to some kind of part ic le 
arrangement as a resul t  of  shearing to reach more stable condition. 
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Figure 3 .2 :  V iscosit versus shear time for d ifferent eu contents at 69 h,  ( a )  Ti02, ( b )  2 
mol .° o eu-TiO}. (c )  5 mo1 .% eu-TiO::!, ( d )  1 0  mo1 .% eu-TiO}, (e)  1 5  mol .% eu-TiO}. 
The difference in  concentration and pH can play a role in shear rate dependency of the 
viscosity . Figu re 3.3 hows a shear thi lUung (pseudoplast ic )  behavior where the 
viscosity decreases with increasing shear rate .  This behavior can be due to the deformed 
and/or rearranged part icles, result ing in lower flow resistance and consequently lower 
viscosity. At low shear rates the viscosity is very high, which is evidence of a strong, 
cohesive structure . On the other hand. there is  a very 1 itt le increase in the pH of the gel 
\vith the increase of the eu content. as shown in Table 3. 1 .  This  s l ight increase in pH 
'vvith increasing the concentration of eu has lower viscosity than the viscosity of low pH.  
Moreover. the flow properties of Cu-Ti02 under acidic conditions show shear 
th inning/non- ewtonian pseudo-plast ic behavior that might be function of part ic le­
particle aggregation formed j ust after lowering the pH due to weak forces of 
attraction[ I07J081 . 
5 3  
Gel trength i al 0 one a pect that may affect the visco it of the di  persion. The 
increa e of the gel trength and the formation of the flocks could be the r ason behind 
the maximum increa e of visco i t)'. In  this ca e. the decrea e of geJ strength and the re­
di per ion of th flock r ult in the decrea e of vi cosity[ I 08 1 . However, in dip coat ing 
application , the increa e of iscosity increases the layer thickness[ J 091 . 
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Table 3 . 1 :  pH value for d ifferent eu content . 
Cu cootent ( mol .%) 2 5 1 0  1 5  
1 .6 
1 .4 
1 .2 
1 
0 .8 
0.6 
0.4 
• 
0 . 2  
0 
0 
p H  1 .02 1 .05 1 . 1 5  1 .27  
-- Ti 0 2  
- 2 % C u-Ti0 2  
5 % Cu-Ti 0 2  
--- 1 0% Cu-Ti 0 2  
--+- 1 5% Cu-Ti 0 2  
... -... - --- .... 
2 00 400 600 800 1 000 
shear Rate, 1/s 
Figure 3 . 3 :  V iscosity versus shear rate for d ifferent eu contents. 
1 2 00 
The shear stress-shear rate relationship  for various eu contents in the gel is shown in 
Figure 3.4.  The l inearity of the curves i nd icates a Newtonian fluid behavior that 
i ncreases with the i ncrease of the eu concentration. 
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Figure "' .4 :  hear stress ver u hear rate for d ifferent Cu contents : (a )  Ti02, ( b )  2 
mol .° o Cu-TiO:!. ( c )  5 Inal . %  Cu-Ti02, (d )  1 0  Inal .% Cu-Ti02, and (e )  1 5  Ina\ .% Cu­
TiO:!. 
3.3.2 DRI FTS Ana lysi 
S4 
The ab orption bands in Ti02 pectra were observed at 3296 and 1 629 cm' ! which are 
due to OH- tretching and bending v ibrat ions. as shown i n  Figu re 3.5. A broad band was 
observed be1:\. een 500-900 cm' ! which i s  attributed to Ti-O, S imi larly, in Cu-Ti02 
pectra 's  bands were observed at 3450 and 1 623 em' ! which are due to OH-stretching 
and bending re pectively,  A band of Ti-O was also observed between 500-900 cm' l , The 
intensities of OH ( stretching and bending)  and Ti -0 bands were decreased in Cu-Ti02 
nanoparticles.  The nitrate band of start ing material which appeared at 1 384 cm' ! was not 
found in Cu-Ti02 spectra which show that calcinations process was good enough to 
remove the nitrate. The peaks in the 500- 1 000 cm' ! region are d ifferent from pure CuO 
and pure Ti02 indicate new meta l -oxygen bonding, These results support the fonnation 
of m ixed oxide (Ti-O-Cu) bondi ng. 
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Figure 3 . 5 :  DR IFT spectra for of Cu-Ti02 catalyst at various Cu contents ( mol .%) 
3.3.3 S u rface Ana lysis by us ing BET 
5 5  
The surface area. pore ize and pore volume of  Ti02 and Cu-Ti02 nanopartic les are 
shown in Table 3 .2 .  It can be seen that with increasing percentage of Cu in  Ti02 the 
total pore volume sl ightly i ncreases indicating of  more porosity that leads to the 
enhancement of the d iffusion of molecules .  
Pure TiO} nanocatalyst showed the same specific surface area as ha e been determined 
in  the previous chapter which was 66.9 m2/g, which agrees with that reported by 
Karunakaran et al . [ L I OJ . I n  comparison to  the reported commerc ial Ti02 ( Degussa 
P25) .  [ J I I ] the specific surface area of the prepared Ti02 in this work is  larger ind icating 
that the prepared Ti02 could be more effective in  photocatalyt ic activity than the 
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Degu a P25 . In  addition, a ignificant increa e in the urface area of Cu-Ti02 samples 
ranging from 30. 1 to 75. m2lg. 1 5  mol .%  Cu-Ti02 had the highest urfa e area. I t  can 
be inferr d that Cu-Ti O2 nano-cataly t did not show significant change in pec ific 
urface ar a. mall decrea e in some nano-cataly t surface area could be cau ed due 
to thermal tr atment during the preparation. The average pore size hows a s l ight 
mcr a with increasing of the CLi dopant cont nt. 
Table " . 2 :  BET re ults for CLl-Ti02 nanocatal st at variou CLi contents. 
Cu-Ti02 SBET 
(mol. %) (m2/g) 
0.0 66.92 
1 .6 45 .96 
2 .0  36 .86 
" '1 -' ..... 36.02 
4 .8  36.0 1 
6.4 42.40 
8 .0 50.68 
1 0 .0  49.4 1 
1 5 .0 75 .36 
3.3.4 Optical Ana lysi by UVlVis. 
Pore vo lume Average Pore 
( ec/g) Size (A)  
0 .06 32.42 
0.05 2 1 .04 
0 .06 32.42 
0.06 3 1 .90 
0.06 33 . 1 1 
0 .07 32 .9 1 
0 . 1 1 42.08 
0. 1 1 45 . 1 7  
0. 1 7  43 .83 
Figure 3.6 displays the UV-vis spectra that how the influence of various prepared 
copper dopant concentrations on the UV-vis absorption. It can be observed that 
increasing Cu concentration, shifts the absorbance to the l i ght-visible region. Ti02 
showed an ab orbance at 420.9 mn, as presented in Table 3.3, corresponding to Eg = 
2 .95 eV (-3 .0  eV). which is calculated by using formula ( 1 )  i n  Chapter 2 .  This Eg value 
is consistent with the reported value for anatase TiOl l l l . At 1 5  mol .% Cu content the Eg 
= 2.62 eV which indicates that as Cu  concentration increases, the band gap energy 
decreases. This change i n  the band gap can be l ikely due to the fusion of Cu ions into 
Ti02 crystal structure, and the defect centers fOlmed by the substitution of TiH by Cu 
ions in the Ti02 crystal lattice result ing in changes in the optical absorption. 
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In u-doped TiO:!. "", hen u Ion are eith r located inside the bulk Ti02 or on the surface 
it . a rearrangement of the neighbour atom take place to compen ate the charge 
deficiency . r ult ing in lattice defOlmation. The lattice defom1ation affect the electronic 
tructure cau ing the band gap shift[ 1 1 2 1 . Furthennore. smal l an10unts of Cu dopant in  the 
lattice ite of Ti02 introduce 0 vacanc ies due to the charge compensation effect. 
I ncrea ing the copper doping concentrat ion increa es the 0 acancies and probably 
fonn a nev, Iy doubl ccupied 0 acancy as i l l ustrated by Sahu and Biswas[ 1 1 2 1 . In this 
a e. it can be noted that the urface effect . doping-induced vacancies, and latt ice strain 
rna} affect ab orption and band gap shift of the doped nanopart ic le . Therefore. copper­
doped Ti02 can be appl ied for d ifferent isible- l ight photocatalytic appl ications. 
s a comparati"e \x,;ork. Choi and Kang[ l OOl did an equivalent work on Cu-doped Ti02. 
They prepared eu-doped Ti02 photocatalysts with Cu contents of L 5 .  1 0  and 1 5  mol%. 
Their results howed that the loading of the Cu didn ' t  affect the band gap energy of Ti02 
where no shi fting was ob erved . This contradicts with our results. where the shifting 
from the V region to the vi ible region was ery clear in which a significant decrease 
in the band gap was detected. as i l lustrated in Table 3.3. Our work possessed better 
results. where Ti02 optical response was impro ed by increasing the eu dopant content. 
ccord ing to our results, Ag-doped Ti02 that was studied in Chapter 2 showed better 
shifting of the optical response from the UV to the visible region. As can be seen. at 8 
mol .°'o and 1 0  mol .% Ag. the band gap reached to 2 .63 eV and 2 . 59  eV. respectively.  
While,  Cu-doped Ti02 shifted the band gap down to 2.66 eV at 1 5  mol .% Cu. This 
concludes that the Ag dopant enhanced the optical response of Ti02 more than eu 
dopant. but as mentioned ear l ier, Cu i s  much cheaper than Ag. 
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Figure 3 .6 :  V i sib le Absorption Spectra of Ti02 and different contents of Cu­
Ti02. 
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Table 3 . 3 :  AcuLOff and band gap of prepared Ti02 and various contents of Cu-doped Ti02. 
Sam Ie ( mol .%) AcutofT ( om)  
Pure Ti02 420.9 
1 .6% Cu-TiO:, 432 . 1 
2 .0% Cu-Ti02 438 . 1 2 . 83  
3 .2% Cu-Ti02 462 . 7  2 .68 
4 .8% Cu-Ti02 462 . 3  2 .68 
6 .4% Cu-TiO] 463 .7  2 .67 
8 .0% Cu-Ti02 466.9 2 .66 
1 0% Cu-TiO] 466.9 2 .66 
1 5% Cu-TiO] 473 .4  2 .62 
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3.3.5 Pha e tructura l  Ana l ' i u ing  XRD 
Figure 3.7 hov. the XRD pattern of the sol-gel prepared Cu-TiO:! samples with 
d iffer nt u cont nt (0 to 1 mol .%) .  The lattice plane ( l O l ) , ( 1 03 ), ( 004), ( 200). 
( l OS ) ,  ( 2 1 1 ). ( 2 1 3 ). ( 1 1 6 ) .  ( 220) .  ( 1 07 )  and (303 ) correspond to 28 val ues of 25 .29°. 
3 7 .95 , 3 7 . 78°, 48 .09°, 54. 1 8°. 54.97°, 62.68°. 68 .78°, 70.3 (, 74 . 80°, and 82.75°, 
re pecti e ly .  One rut i le  peak was observed in the prepared Ti02 sample at 28 = 27.5 ( 
corr pond ing to plane ( 1 1 0) .  Al l  patterns were assigned to the tetragonal crystal l ine 
anata e pha tructure of TiO:! accord ing to (JCPD -2 1 - 1 272)  and tetragonal ruti le 
pha e tructure of  TiO:! ( JCPD -02-0494) .  The pre ence of Cu prevented the fOffi1ation 
of the rut i le phase leading to a more reactive anatase phase. Most commercial titania 
powder cata ly sts are a m ixture of rut i le and anatase. For example, Degussa P25 contains 
approximately 80-90% anatase and the rest rut i le .  This make the prepared TiO:! more 
effective for photocatalyt ic appl ications. 
In al l  eu-doped sample . no significant d iffraction peaks for Cu species were detected. 
Thi indicate that Cu is highJy d ispersed in the titania matrix .  I t  also shows that the 
pre ence of Cu did not affect the crysta l l ine structure of TiO:!. Also, the them1al pre­
treatment procedure did not cause significant changes in the crystal l ine phase. 
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Figure 3 . 7 :  XRD patterns of Ca) Ti02, (b )  1 .6 mol .% Cu-Ti02, ( c )  2 mol .% Cu-Ti02, C d )  
3 . 2  mol .% Cu-Ti02, ( e )  4 .8  mol .% Cu-Ti02, ( f)  5 mol .% Cu-Ti02, ( g )  6 . 4  mol .% Cu­
Ti02. (h) 8 mol .% Cu-Ti02. ( i)  1 0  mol .% Cu-Ti02 and U )  1 5  mol .% Cu-Ti02. 
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3.3.6 Su rface Morpbo logy and  Chemical  Co mpo ition Ana ly i U ing FESEM and 
EPMA 
F � E anal) is of the photocataly t hown in Figu re 3.8 indicated that incorporat ion 
of u in Ti02 can affect the urface morphology of the catal st· however there is  no 
igni ficant effect on the aggregate sizes. The aggregate izes of the catalysts were 
relat i\'ely uniform, ranging approximately from 40 nm to 52 nm. Highly agglomerated 
nanopartic le are detected with relatively unifom1 spherical aggregates shape. The EDS 
mapping demon trates the pre nee of O. Ti and Cu in  al l Cu-Ti02 nanoparticle 
ample . Also it sho\ that Cu is uniforml dispersed on the Ti02 surface and further 
incr a e of Cu leads to the increase of the peak intensi ties of Cu, as i l lustrated in Figu re 
3.9. The Zn detected in  Figure 3.9 ( b )  i mainly coming from the stub used, which can 
be neglected. 
(a)  
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(f)  
(g )  
F igure 3 . 8 :  FESEM images o f  (a )  Ti01, ( b )  4 . 8  mol .% Cu-TiO�, ( c )  5 mol .% Cu-TiO�, (d )  6 .4 
mol .% Cu-Ti02, (e)  8 mol .% Cu-Ti02, (f) 1 0  mol .% Cu-Ti02, and (g)  1 5  mol .% Cu-Ti02 . 
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F igure 3 .9 :  EDS mapping, spectra and elemental analysis showing the distribution of 0, 
Cu & Ti on (a)  Ti02, (b)  4 .8  mol .% Cu-Ti02_ (c) 5 mol .% Cu-Ti02, (d) 6.4 11101 .% Cu­
Ti02, (e) 8 mo1 .% Cu-Ti02, (f) 1 0  mol .% Cu-Ti02 and (g)  1 5  mol .% Cu-Ti02. 
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3A Conclu ion 
Ten ample of various u content in Cu-Ti02 nanoparticles have been prepared b the 
ol-gel method . Rheological analysi s has been studied after the gelation process has 
been completed and a stable gel is obtained . The flow properties measurements were 
appl ied on ol-gel ample aged for 69 h. The sol-gel di spersion showed ewtonian 
behavior for all Cu content and non- ewtonian with time-dependent behaviour for Cu 
content range of ( O, 2, 5 . 1 0. 1 5 ) mol .%.  The increase in the viscosity of sol-gel samples 
i due to the Cu concentration. reaching the maximum vi cosit at 1 5  mol . % Cu content . 
Also, the increa e of Cu content in the mi  ture results in  a transition behavior from 
ewtonian to shear thinning behavior. H igh content of Cu contributed to significant 
yield 'tress. Further characterization was conducted after drying and calcining various 
content of Cu-Ti02 sol-ge l .  XRD analysis showed that most reactive phase of Ti02 
which i anata e Ti02 phase existed in  a l l  samples with no ruti le phase which is  a less 
reactive phase except in pme Ti01. This confirms that the presence of Cu prevented the 
formation of rut i le hich leads to more reactive nanopartic le .  Moreover, the calc ination 
temperatme at sooac was suitable for the samples because it did not cause significant 
changes or transformation in crysta l l ine phase. The FESEM imaging for Cu-Ti02 
nanopartic 1es were relat ive ly ull i foml spherical aggregates shape with a uniform size of 
approximetely 40 - 52 run and the presence of 0, Ti and Cu were demonstrated by 
elemental analysis EDSlMapping. The increase in Cu concentration showed a significant 
shifting from UV region to the visible region which makes it a promising material for 
d ifferent visible- l ight photocatalytic appl ications . 
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Ch apter 4 :  ynthe  i and  Characterization of Cu-doped Ti02 Th in  F i lm P roduced 
by the I n ert Ga Conden ation Techn ique 
4. 1 I n troduction 
I nert gas conden ation (lGC) is  one of the most widely used methods for synthesizing 
variet. of material in nanostructured form such as metals, a l loys compounds. 
semiconductor and ceramic materials .  In this process, a metal l ic  or i norganic material is 
vaporized using thermal evaporation sources, electron beam evaporation devices or 
sputtering ources in an inert atmosphere of argon or hel ium gas to synthesize 
nanoparticle with better control over s ize, distribution and purity [ 1 1 31 . IGC has been the 
most popular since it can produce particles of wel l -defined grain size and with narrow 
size distribution. 
Inert-gas condensation IS a bottom-up approach to synthesizing nanostructured 
materials, which contains two ba ic steps. The first step is the evaporation of the 
material and the econd step in 01 es a rapid contro l led condensation to produce the 
required particle size . The major technical d ifficulties to overcome in developing a 
successful bottom-up approach are e i )  contro l l ing the growth of the partic les to retain the 
nanostructures and e i i )  then stopping the newly fomled particles from being 
agglomerated[ 1  H] . 
4. 1 .2 Th in  Fi lm Properties 
The properties of the fil m  in  non-reactive sputter deposition depend great ly on the gas 
pressure. which identifies the thermal ization of the reflected high energy neutrals and the 
sputtered species. The development of the columnar morphology, density and residual 
fi lm stress are affected by the energy of the species striking the surface of the growing 
film [ I 1 51 . 
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4. 1 .3 puttering ystem 
4. 1 .3 . 1  Vacu u m  
Vacuum deposition environment controls and monitors the contamination level and 
ga eo us particle fl uxes incident on a urface. The plasma deposition environment mainly 
composed of uncharged gaseous pec ies pro iding ions that can be accelerated to h igh 
energies to a l low concurrent energetic particle bombardment of the growing film to 
al low mod i fication of the fi lm properties[ 1 1 6 J . 
4. 1 .3.2 Pres u re 
As d i  cussed in  ection 4 . 1 .2 ,  the ga pressure may affect the sputter-deposited films 
properties. For exanlple. the fi lm stre s can vary great ly with pressure. If the pressure is 
lov,,-, the deposited film can have a high compressive stress wll i le ,  if the pressure is 
h igher, the stre s can be tensi le .  A systematic cycl ing of the pressure from a high to a 
lov,,' value during the deposition, controls the fi lm stress. The thennal ization of energetic 
partic les in  the s. stem i detenn ined by the pressure. Therefore, it  is  very important to 
have precise pressure measurements from run to run. Vacuum gauges depending on 
ionization are not useful in sputtering since many stray ions are present in the 
system[ 1 1 5 ] . 
4 . 1 .3.3 Current and Voltage 
Direct current power suppl ies should have an arc suppression c i rcuit that reacts to a 
current surge or voltage drop. Arc suppression can be managed by shutt ing off the power 
or by provid ing a posit ive potential to counteract the arc [ l l SJ . 
4. 1 .4 Comparison between sol-gel and spu ttering techn iq u es 
I n  comparison with the conventional wet processes (or l iquid phase methods) ,  sputter 
deposition have few advantages making it one of the most promising techniques for 
large-area uniform coatings ( better fi lm uniform ity) with lligh packing density. strong 
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adhe ion, higher deposition rate and better control of the film thicknes [ 1 1 7. 1 1 8 ) . Many 
publication have reported the putter deposition of TiO:! and metal doped Ti02 fi lms. 
However, very few re earche focu ed on studying the optical response of the sputter­
depo ited metal-doped TiO:! thin films. 
Liu et .  al [ 1 1 8 ) fabricated Ti02 fi lm b d irect current ( DC )  reactive magnetron sputtering 
on quartz glas ubstrates were alU1ealed in several d ifferent ways .  Then studied the 
effect of anneal ing on the ultraviolet- isible-near infrared (UV-vis- IR )  transmittal1Ce 
and conelate the spectroscopic phenomena with surface atomic character. The results 
were e, plained in terms of l inear combination of atomic orbital-molecular orbital 
( LCAO-MO) and cr stal -field (CF) mode l .  I t  was concluded that the spectroscopic 
features result from the moleculal' orbital energy level (t * - eo * ) electronic transition in 2g '" 
the TiO:! fi lms. Fwther. Sheppard et al .  [ 1 1 9 )  reported the effect of niobium (Nb) on the 
structure of TiO:! thin fi lms deposited on glass substrates using the DC magnetron 
sputtering. It was i ndicated that in Nb concentration range between 0 al1d 40 at. %, Nb is  
incorporated into the Ti02 lattice according to a substitution mechanism, entering Ti 
sites in  the cation sub-latt ice. 
Eufinger et al . [ 1 20] deposited Ti02 thin fi lms by the same technique [ I 19 ] . The sub­
stoichiometric TiO:!-x target was sputtered in pure argon ( Ar)  at different pressures to 
i nvestigate the influence of the Ar pressure during deposition on the structural 
development during heat treatment. Moreover the effect of the deposit ion conditions on 
the structural and photocatalytic properties of the thin films before and after heat 
treatment at d ifferent temperatures and the photocatalytic act ivity of the fi lms was tested 
by measuring the decomposition rate of ethanol .  It was concluded that a more open 
structure is beneficial for the photocatalyti c  activity of anatase Ti02. As a continuation 
to their work[ 1 2 I j, Eufinger et a l .  used the same technique and target to study the effect of 
thickness as  wel l  as deposition conditions on the structural ,  optical and photocatalytic 
properties of the thin fi lms .  I t  was found that the photocatalytic activity was strongly 
dependent on the fi lm thickness up to about 300-3 50 nm. For thicker fi lms, only a very 
weak dependence was detected .  
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Furthenn reo Yamagi hi  et aL I I 1 7 ) deposited polycr sta l l ine Ti02 fi lms by radio 
frequency ( RF)  magnetron sputtering under various total gas pre sures to find the 
optimum condition to deposit fi lm with high photocatalytic activi ties. The 
photocatalytic act ivity showed a clear tendency to decrea e with the decrease in total 
pr ure during the deposition process. 
Moreover. Pradhan et al . ( 1 22 )  inve t igated the effects of total pressure and O"]./Ar flow 
ratio on the growth of rut i le  phase Ti02 fi lms cr tal l ini ty that have been prepared at low 
temperature (S 1 00 DC) b a reacti e RF magnetron sputtering method. They discussed 
the change in surface morphology and optical properties at d ifferent O2/ Ar flow ratios. I t  
wa found that the rut i le phase cr sta l l init increased with decrease in total pressure and 
increase in O2 flow and showed interest ing optical characteri stics such as high 
transmittance (�85°"o) and high refracti e index (-2 .7 )  with a band gap about 3 . 2  eV.  
In  addition, Hajjaj i et  al . [ m) investigated the effect of doping Cl+ at  d ifferent contents 
on the photocatalytic activity of Ti02 thin fi lms deposited on quartz and intrinsic si l icon 
ubstrates by using the RF magnetron co-sputtering process. The photocatalyt ic 
efficiency was studied using the amido black dye.  The results indicated that films doped 
with 2�o Cr exhibi ted the h ighest UV and visible l ight photocatalytic activity. 
In this work. the inert gas condensation ( IOC) was used to study the optical perfom1ance 
of Cu-doped Ti02 thin fi lms at various contents of Cu, where no s imi lar research has 
been done before. A l l  Cu-Ti02 samples with various Cu contents were characterized 
using XRD. TEM. SEMlEDS, and UV-Vis spectrophotometer. 
4.2 Materials and Resea rch Methods 
4.2 . 1  Materials 
Argon gas (99.999% purity) with a mass flow contro l ler (MKS I nstruments, Andover, 
MA 1 8 1 0. USA) in the range of 0 .0- 1 00.0 sccm has been used. Ti (99 .9% purity), and 
Cu-Ti al loys (with Cu contents of 1 .6, 3 .2, 4 . 8 ,  6 .4, and 8 wt.%) suppl ied by Testboume 
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Ltd . ( A) v\ ith 50 .8  mm diameter x 6 .35  mm thickness have been used as puttering 
target . 
4.2.2 Preparation of the Cu-Ti02 th in  fi lms 
An ultra-high vacuum ( HV) compatible system with a nanocluster source of  
magn tron plasma sputtering and ineli gas aggregation condensat ion (Nanogen-50 
Manti Dep it ion Ltd . .  Oxfordshire .  UK) was used to produce Cu-Ti nanoclusters with 
anou Cu c ntent ( 1 .6. 3 .2 . 4 . 8 . 6.4, and 8 wt .%).  schematic d iagram of the ultra-
high vacuum compatible nanocl uster y tern used in this work along with the 
nanoc1u ter source i shown in Figu re 4. 1 .  
The puttering procedure was prepared according to prevlOus work[ 1 24J, \ ith some 
variation in parameters. The target was fixed on a magnetron a water-cooled sputter 
head located inside the nanocluster source, which uses a DC magnetron discharge. The 
system wa init ial ly pumped dovm to a base pressure of _ 1 0.7 mbar. The produced 
nanoc1u  ters travel from the source chamber through a quadrupole mass fi lter (QMF)  
\vhere the nanoclu ter size distribution is  measured in  situ inside the vacuum system. 
The re olution of the mass fi lter adj usted for mass scan by setting the UN ratio  at 0. 1 -
0. 1 2 . 
F inal ly,  the nanoc lusters form a nanocluster beam inside the main chamber are deposited 
on a quartz glass substrate mounted on a sample holder facing the nanocluster beam. The 
nanocluster deposition rate was detected by using quartz crystal monitor (QCM),  where 
the QCM is fixed on a motorized l inear translator that enables driving the QCM fac ing 
the nanoc1uster beam, and then driving it back away from the beam path. 
Argon inert gas has been used to generate the plasma, sputter Ti and Ti-Cu, and to 
establ ish the inert gas condensation inside the source chamber. The aggregation length 
(L) .  which is the d istance from the surface of the sputtering target to the source exit 
nozzle. was control led by a motorized l inear translator that drives the sputter head by up 
to 1 00 nun without venting the source chamber. The current (1) was fixed to values that 
enhances the nanoc1usters production and deposition rate. 
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Figure 4 . 1 :  chematic d iagram of the ultra-high vacuum compatible nanoc luster system 
and the nanocluster source[ Ul . 
4.2.3 Characterization of the  Cu-Ti02 Thin Fi lms 
... . 2 .3 . 1  X-ray diffraction ( X RD ) 
The X-ray diffraction patterns of the nanocluster-based thin fi lm samples have been 
obtained using Shimadzu 6 1 00 X-ray D iffractometer with Ni and Cu-Ka radiation ( A  = 
0. 1 5406 run). 
4.2.3.2 Transmission electron microscopy (TEM) 
The TEM images have been obtained using a Phi l ips CM 1 0  transmission electron 
m icroscope. These images were used to measure the nanocluster size distribution and 
compared them with the nanoc1uster size distribution produced by the QMF. 
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4.2.3.3 Scann ing electron micro copy (SE M )  
canning electron micro cope (variable pressure Tescan VEGA X M  E M )  has been 
u ed to examin the surface morphology of the ample . ub trate with thin film of 
nanoclu ter at variou eu content were mounted on the EM stub using a double-sided 
carbon adhe ive tape. The mounted samples ere then coated by gold /pal ladium ( 80% 
& 20� o )  at a thickne s of - 1 0  nm using a sputter coating system (Quorum Technology 
Mini  putter Coater. C7620) in order to avoid the charging effect. Thin film surface 
was imaged at the maximum accelerat ing voltage = 25 kV and 30 kV to obtain high 
resolution image at (29 . 1 .  45. 47. 60. 84. and 88 .6 )  kx magnifications. 
4.2.3,4 Energy Dispersive Spectrometer ( E DS) 
Qual itative and quantitat ive chemical composition measurements for the th in  fi lm 
san1ple have been made u ing en erg dispersive spectrometer ( Oxford Instruments X­
Max 50 EDS detector ( L  2 free sy tem) )  with 1 25 eV resolution. Moreover. the same 
detector \\'a u ed to obtain the distribution of elements over selected areas on the 
samples. 
4.2.3.5 UV-vi ible absorption spectrometry ( UV -vis ) 
The UV-visible absorption spectra for the Cu-Ti02 thin films have been obtained using 
V -Vis IR spectrophotometer ( lASCO 670) in  the wavelength range of 200 to 3200 
nm (0 .39  to 6 .2 eV photon energy).  
4.3 Resu lts and D iscussion 
4.3. 1 Crysta l l ine  structure using XRD 
XRD analysis showed that the as-deposited fi l ms are amorphous. where no  d iffraction 
peaks were observed. Thin fi lms were then annealed at a temperature of 400°C for 1 h .  
Crysta l l in i ty also has a relation with peak intensi ty .  H igher crysta l l i nity result in  higher 
peak intensity . It is expected that the Ti02 fi lms with a thickness of 1 00 nm and below 
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hm e a larger tructural disorder than the thicker Ti02 film becau e they grow direct ly 
on amorphou gla sub trate . 
Figu re �.2 i l l u  trate the XRD patterns of the annealed Cu-doped Ti02 and undoped 
Ti02 nanopartic les ba ed thin film . The patterns clead show peaks of anatase and 
rut i le Ti02 for the prepared Ti02 and all Cu-doped Ti02 thin fi lms. the lattice planes of 
rut i le pha e ( 1 1 0). ( 1 1 1 ). ( 20 1 ) . (2 1 1 ), ( 220) at 28 value 27 .4°, 4 1 . (, 44°. 54 . 3° and 
56.5 . �'hile the lattice plane of anatase phase ( 1 0 1 ) . (200),  ( 202),  ( 204) ,  ( 1 1 6 ). ( 3 0 1 ), 
( 206) at 28 \ 'alue 25 .3 °. 48 .0°. 5 1 . 8°, 62.i. 68 .8°. 76 .0°. 78 .i, respectively. For d ifferent 
content of CU-doped sample , no Cu.  Cu20 or CuO were observed. The formation of 
ruti le pha e could be due to higher concentration of the ionized or excited species 
re ulting from the higher electron temperature in the plasma, or due to higher energy of 
the partic les impinging on the growing film surfacer 1 1 7 l .  Also on the XRD spectra, the 
strange peak at 28 = 220 is not re lated to anatase phase nor rut i le  phase of the Ti O2 thin 
film . It  could be due to instrument error. Howe er, anatase mainly appears at 28 = 
25 . 3  and rut i le  at 28 = 27 .4°. 
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Figure 4 .2 :  XRD patterns of (a )  Ti02, (b )  1 .6 wt.% Cu-Ti02, (c )  3 ,2 wt.% Cu-Ti02, (d )  
4 .8 wt.% Cu-Ti02, (e )  6 .4  wt.% Cu-Ti02, and ( f)  8 wt.% Cu-Ti02. 
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4.3.2 anoclu  ter ize di tr ibut ion,  u rface mo rph ology, chemica l  compo ition and 
elemental  ana l, i 
Figu re 4.3 i l l u  trates the TEM image and QMF of pure Ti nanoclusters produced using 
AI Dow rate. !\r = 50 ccm. aggregation length. L = 70 mm, and sputtering di scharge 
power. P = 49 W. This analy is is conducted to check the perfomlance of the QMF used 
to mea ure the nanoc lu ter size distribut ion. In order to get a reasonable comparison. the 
TEM image and the QMF were anal ed by contro l l ing the same source parameters. The 
TEM image in Fig u re 4.3(a ) demonstrates the presence of individual c lusters. 
aggregates and i land of Ti02 with i rregular shapes. The nanocluster s ize distributions 
produced by QMF and TEM image are shown in Figure 4.3 ( b) .  which indicate that the 
nanocluster ize distribut ion trend are very close in range and at the same t ime 
demon trates the effectiveness of using QMF source in studying the size of nanoclusters. 
On Figu re 4.3 ( b) .  " I  ( nA)" and " umber" represent the frequency (nA = nano Ampere) 
and the number of the produced nanoclusters, respectively. 
o 
O (  m) 
(a) (b) 
Figure 4 .3 :  (a)  TEM image of pure Ti nanoc1usters and (b )  nanoc1uster size distribution 
as measured by QMF ( sol id l ine) and TEM image ( open symbo)s ) [ 1
241 . 
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ize distribution of Ti-Cu nanoclu ters with d ifferent Cu contents 0 .6. 3 .2 , 4 .8 .  6.4 . and 
8) V\1.% measured using the quadrupole mas fi l ter is shown in Figu re 4A. The 
nanoclusters were produced using Ar flow rate. fAr = 35 sccm, chamber pressure. Pc = 
3 . 37  X 1 04 mbar. r =  0. 1 2. L = 90 mm and [ =  200 mA o  The nanocl usters have a size 
di tribution V\ ithin the range of 5 .4 to 7 . 1 run . As observed in Figure 4.4 the intensi ty of 
the ize distributions at ariou Cu contents is  very low due to the smal l production yield 
of nanoclu tel' . 
The parameters that have great influence on nanocluster size are the inert gas flow, fAr. 
and the aggregation length. L .  In a previous work on pure Ti [ I 2.:! ) , we found that the 
change in the inert gas flow and aggregat ion length affect the nanocluster size and yield 
(area under the nanoclu  ter size distribution curve) .  The average nanoclusters size and 
yield were found mainly to decrease with the increase of the inert gas flow rate. 
Moreover. the nanoclu ters average s ize is directly proportional to the aggregation 
length. On the other hand. the yield is inversely propoliional to the aggregation 
length[ I :!4 ) . 
Furthennore, the col l i sion probabi l i ty plays an important role in  contro l l ing the clusters 
nuc leation and growth. The col l is ion probab i l ity is detected by the pressure inside the 
aggregation chamber and by the c lusters ' residence t ime inside the c luster source, as 
reported by Manninen, et. al . [ 1 26) . Therefore, as the inert gas ( Ar) flow rate i ncreases. the 
c lusters wi l l  be removed faster, thus their residence t ime in the aggregation chamber wi l l  
be reduced. Thus when the i nteraction between the inert gas and the c lusters and metal 
atoms is reduced. it promotes a decrease in the clusters size[ 1 261 . Moreover the amount 
of clusters and aggregates increase with the increase of the deposition t ime of the Cu-Ti 
target al loy .  
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Figure 4 .4 :  The size distribution of Ti-Cu nanoclu ters with different Cu contents 
produced using 1 =  200 rnA JAr = 35 sccm. L = 70 mm and U r r  = 0. 1 2 . 
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E M  analyses ha e been conducted to observe the morphology of the Cu-Ti01 thin films 
samples of "arious Cu contents .  As seen in  Fig u re 4.5.  the shape of nanopartic les is  
almost spherical and. thin fi lms are porous with some agglomeration. Figu re 4.6 
i l lustrates the EDS analyses for pure Ti02 and 8 wt.  % Cu-Ti02 samples. For both 
samples. Ti .  O. i, and C were detected. Si shows the highest peak which is referred to 
the substrate (quartz g lass). The appearance of C peak is due to the stub used . Both S i  
and C peaks were i gnored in analysis. 
However. the presence of 0 reveal s  that the samples are completely oxidized as soon as 
they are exposed to air ( at room temperature) .  The san1ples have dark brown colour 
when prepared. However. after exposing them to air for -24 h,  they start to become 
transparent with a pale yellow reflection, which insures that the nanopartic les have been 
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oxidi ed. Thin fi lm hav ver strong cohesi e and ad he ive strength. thus they cannot 
b \\ iped out even during ample handl ing .  Thi makes the prepared films ery useful in 
photocatalyt ic appl ications in which they can be u ed repeatedl for everal t imes 
compared to the coated sample in the ol-gel method, which can be used onl once. In  
Figu re 4.6( b) ,  onl  a very mal l  amount of eu has been detected; this could be due to i t  
low concentration in the ample ( 1 .6 wt.% Cu-Ti ) .  
( a ) 
90 
( b ) 
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( 1)  
Figure 4 . 5 :  E M  images o f  ( a )  pure Ti02, ( b )  1 .6 wt.% Cu-Ti02, ( c )  3 .2  wt.% Cu-TiO}. 
(d) 4.8 \\-t.% Cu-Ti02, (e) 6.4 wt.% Cu-TiO}. (f) 8 wt.% Cu-Ti02. 
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(b) 
Figure 4 .6 :  EDS analyses for ( a) pure Ti02 and (b )  8 wt.% Cu-Ti02. 
.:t.3.3 Optical  A n a ly i by U V-Vi pect rop h otom eter 
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Figu re .:t. 7 how the optical ab orption measurement of the Cu-Ti02 nanoparticJes 
ba ed thin fi lm of variou Cu content ( \\<1 .%) .  Pure Ti02 reveals absorption at 389 nm. 
v, hich l ies in the range of th U r gion. I ntroducing Cu dopant with ( 1 .6, 3 .2 .  4 .8 .  6 . 0. 
and 8 .0  wt . )  resulted in shifting the ab orption to the visible region. Ab orption spectrum 
hift up to 485 nm for the 8 \\1 .% u content. which indicates the improvement of the 
optical activity of the Cu-Ti02 nanoparticles based thin films. 
The calculated band gap ent;:rgy for pure Ti02 and various Cu contents in Cu-Ti02 thin 
fi lm are pre ented in Table .:t . l . The band gap energy aries between 3 . 1 9  eV ( 0 .0 \\<1.% 
Cu or pureTi02) and _ . 56 eV (8.0 wt.% Cu). a shown in Figure 4.8 .  This evolution 
could be l inked to the pre ence of acceptor states in the band gap[ 1 23 J . As discussed 
earl ier, tran ition metals nan-ow the electronic proper1ies and alter the optical responses 
of TiO:!. cau ing a decrease in the band gap energ and resulting in a wide range 
ab orber of visible l ight. which can be more effectively used in photocatalytic 
appl ication . 
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Figure ·+. 7 :  UV-Vis absorption spectra of Cu-TiO] thin fi lms  a t  various Cu contents 
(\\t.%) .  
Table 4 . 1 :  Wavelength and band-gap of  Ti02 and various contents of Cu-doped Ti02. 
Cu-Ti02 (wt .%) Wavelength ( n m )  B a n d  ga p ( eV)  
0.0 389 3 . 1 9  
1 .6 400 3 . 1 0  
3 .2 4 1 5  2 .99 
4 .8 43 1 2 . 88  
6.4 460 2 . 70 
8 .0 485 2 .56  
3 2  
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3 0  
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Figure 4 . 8 :  Effect of Cu w1:.% on the band gap energy. 
-404 Conclu ions 
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The inert gas condensation ( IGC) teclmique was used in this work to prepare thin films 
of Cu-Ti02 nanopartic les with arious ClI contents ( 1 .6, 3 .2, 4 .8 , 6 .0 and 8 .0  wt. ) .  X RD 
analysis showed m ixed phases of ruti le and anatase Ti02. SEM analysis showed 
homogeneous nanocluster films with almost spherical nanoclllsters . EDS analysis 
i nsured the presence of Ti. 0 and Cu in  the Cu-Ti02 thin fi lm samples. UV-Visible 
absorption spectra indicated that the presence of Cu in  the Cu-Ti02 thin fi lm san1ples 
had shifted the l ight absorbance to the visible region. I ncreasing Cu content decreased 
the band gap energy form 3 . 1 9  eV (0 .0 wt.% Cu or pureTi02) to 2 .56  eV ( 8 .0 wt.% Cu) .  
The Cu-doped Ti02 thin fi lms produced by sputtering are expected to have high 
activities when used in  photocatalyt ic appl ications. 
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Recom m e n d a tions 
, T t th photocata lytic activit of the prepared amples on some photocatalyt ic 
appl ication. 
,. Make a comparative stud between Cu-doped and Ag-doped Ti02 b prepanng 
them und r the same conditions and applying both to the same photocatalytic 
appl ication. 
, I m e  tigate the performance of the thin film catal st prepared by the JOC 
puttering technique in  photocatalytic appl ications. 
, Characterize the textural of the thin fi lms catalyst prepared by the J OC sputtering 
teclmique, wruch could not be performed here due to the una ailabi l ity of the 
instrument. 
, Analyze the photocatalyst samples by using X-ray photoelectron spectroscopy 
( XP ) to study the valence state of the metal dopant. 
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